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Abstract 
Life-history theory predicts that because organisms have limited resources available to them, 
they must make decisions to prudently allocate resources in a way that maximizes fitness. 
Therefore, there is expected to be a trade-off between current reproductive effort and future 
survival and reproduction, with those individuals investing in a current breeding attempt 
doing so at a cost to their own survival and/or future fecundity. Altricial birds rearing young 
are consequently expected to be prudent in their allocation of resources between brood-
maintenance and self-maintenance, and their allocation choices may be influenced by 
numerous offspring characteristics that potentially indicate offspring "quality" or condition. 
My thesis had three main goals: 1) to understand if the smallest nestling tree swallows in a 
nest are of inherent poor "quality", or if they are the smallest simply due to being 
outcompeted by their older and larger siblings; 2) to investigate whether, in an environment 
with parasites, it is the parents or their offspring who bear the costs associated with 
parasitism; and 3) to better understand the function of gape and flange colouration in nestling 
tree swallows. Overall, I wanted to understand how each of these nestling characteristics 
affect, and are affected by, parental life-history trade-offs. By pairing observational data with 
a cross-fostering experiment, I determined that both total egg mass and yolk mass increased 
with order of laying. N estlings that hatched earlier in the hatching sequence and were 
manipulated to be smaller within the size hierarchies in nests performed in a similar fashion 
as if they had retained their size advantage, but had lower immune responses, which may be 
because these earlier-hatched nestlings hatched from earlier-laid eggs with smaller yolks. By 
manipulating parasite levels in nests and then comparing nestling immune function and 
growth, and parental provisioning rates with control nests in a three-year study, I observed no 
11 
significant effects of larval blow flies parasitizing nestlings, except parasitized nestlings 
showed slightly lower haematocrit levels in one year. Deleterious effects of parasitism may 
have been compensated for by parents, as the parents of parasitized nestlings fed their young 
at marginally higher rates than the parents of parasite-free nestlings. By manipulating either 
gape redness or flange colouration (both within ultraviolet and human-visible wavelengths) 
of nestling tree swallows and carrying out feeding trials, I determined that parents did not 
preferentially feed nestlings with redder gapes. Instead, they fed nestlings with flanges that 
reflect in the ultraviolet more than nestlings with non-ultraviolet-reflective flanges, although 
only when nestlings were older. Parents also appeared to feed nestlings with blackened 
flanges less throughout the nestling period. Overall, my studies indicate that 1) tree swallows 
may allocate extra nutrients to later-laid eggs to alleviate detrimental effects of within-brood 
size hierarchies on later-hatched nestlings, suggesting that hatching asynchrony is not 
adaptive in tree swallows, and may instead be a by-product of commencing incubation before 
clutch completion; 2) in the tree swallow-larval blow fly host-parasite system it is the parents 
of nestlings, rather than the nestlings themselves, which appear to bear the brunt of the 
parasite load; and 3) parent tree swallows appear to make food allocation choices based on 
flange colouration of nestlings, but it is still unclear whether this is due to conspicuousness or 
apparent condition of nestlings. 
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1. GENERAL INTRODUCTION 
1.1 Life history theory 
Organisms are thought to possess a complex set of co-adapted traits, known as life-history 
traits, designed by natural selection to solve particular ecological problems (Stearns 1976; 
Steams 2000). Life histories are the significant features of an organism's life cycle, with 
particular emphasis placed on strategies involving reproduction and survival, such as age at 
first reproduction, and number, quality, and size of offspring (Roff 1992; Stearns 1992). The 
ideal life-history strategy would be one that maximizes an organism's reproductive value 
under existing ecological conditions (Williams 1966); however, if selection acted upon a life-
history trait in isolation of other traits to maximize fitness, then any trait correlated with 
fitness would be driven to extremes ( e.g. , parent organisms would raise the maximum 
number of the highest quality offspring in every breeding attempt; Steams 1989). Such 
extremes are never observed, so we must assume that trade-offs exist. Life-history theory 
predicts that because organisms have limited resources (time and energy) available to them, 
they must make decisions to prudently allocate resources in a way that maximizes fitness 
(Drent & Daan 1980). 
One of the most important, and certainly controversial, trade-offs is the cost of 
reproduction (Steams 1989). Because it is assumed that reproduction is costly in terms of 
survival, there will be a trade-off between current reproductive effort and future survival and 
reproduction (Williams 1966); those individuals investing in a current breeding attempt do so 
at a cost to their own survival and/or future fecundity. For parent altricial birds, the brood-
rearing period is the most energetically expensive period in their life and is often the 
bottleneck for fitness (Drent & Daan 1980). The success of parents at this time depends on 
1 
the resources available to them and how they choose to balance trade-offs between, for 
example, number and quality of offspring, and self-maintenance and reproduction. Therefore, 
birds rearing young are expected to be prudent in their allocation of resources between 
brood-maintenance and self-maintenance (Drent & Daan 1980). 
1.2 What influences resource allocation by avian parents? 
Avian parental resource allocation may be influenced by numerous offspring characteristics 
that potentially indicate offspring "quality" or condition. Two related potential quality-
indicating traits are egg mass and yolk mass. Both egg and yolk mass have been reported to 
increase with laying order (Zach 1982; Wiggins 1990; Ardia et al. 2006; Bitton et al. 2006; 
Newbrey et al. 2015; but see Whittingham et al. 2007), which indicates that female birds may 
allocate more egg components, such as albumen proteins and minerals and/or yolk lipids and 
carotenoids, to eggs they lay later in the laying order (Ardia et al. 2006; Ferrari et al. 2006; 
but see Newbrey et al. 2015). One would expect that nestlings hatching from larger eggs laid 
later in the laying sequence would benefit from these extra resources and show improved 
performance, but experimental findings do not always support this expectation. A number of 
studies have determined that nestlings that hatch from larger eggs are larger in size, grow 
faster, have greater immunity, and have a better chance of survival to adulthood (reviewed in 
Williams 1994, Christians 2002, and Krist 2011), but others have reported that egg size has 
no effect on any of these characters (Amundsen & Stokland 1988; Stokland & Amundsen 
1988; Krist et al. 2004). Overall, results have been equivocal, but effects of egg or yolk size 
may be confounded by the size hierarchy in the broods of many altricial birds due to hatching 
asynchrony. It has often been observed that nestlings that hatch earlier within the hatching 
sequence of a nest perform better than late-hatched nestlings (reviewed in Magrath 1990; 
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Stenning 1996), being larger, growing faster, or having a better chance of survival. A few 
studies have attempted to decouple egg and yolk size effects from effects of size hierarchies 
( e.g., Badyaev et al. 2002), but there is as yet no consensus on whether or not nestlings that 
hatch late in the hatching sequence are small because they are poorer quality or simply 
because they got a late start on growth and size relative to their older siblings. 
Parasitism status of offspring may also affect parental allocation decisions. As 
parasites, by definition, live off of their hosts' resources, nest ectoparasites are expected to 
have fitness consequences, or costs, for their hosts. It is unclear whether, during the breeding 
season, these costs are borne by parents or by offspring. Many studies looking for costs to 
offspring have observed what appear to be negative consequences of parasitism (Chapman 
1973; Richner et al. 1993; Hannam 2006; O'Brien & Dawson 2008; Dawson et al. 2011; 
Pigeon et al. 2013; Harriman et al. 2014); others have reported no effect of ectoparasites on 
nestlings (Roby et al. 1992; Johnson & Albrecht 1993; Thomas & Shutler 2001; Gentes et al. 
2007; Streby et al. 2009). Meanwhile, studies of parental effort in relation to nest 
ectoparasites have also been equivocal, with some finding that one or both parents increase 
their energy expenditure when their nestlings are parasitized (Christe et al. 1996a; Christe et 
al. 1996b; Thomas & Shutler 2001; Tripet et al. 2002), some finding a decrease in parental 
energy expenditure (M0ller 1994; M0ller et al. 1994), and others finding no change (Rogers 
et al. 1991; M0ller 1994; Saino et al. 1998; O'Brien & Dawson 2008). Overall, costs of 
parasitism appear to vary with parasite abundance and among different parasite-host systems. 
Another nestling characteristic that may affect parental allocation decisions and may 
indicate condition or "quality" is gape colouration. Two main hypotheses have been put 
forward for the function of colourful gapes and flanges in nestlings, both human visible and 
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in the ultraviolet (UV) range. The detectability hypothesis proposes that conspicuous 
colouration makes nestlings more visible in a dark nest environment so that parents are more 
easily able to feed them (Pycraft 1907; Swynnerton 1916), and the need-signalling 
hypothesis states that colouration signals need or condition to parents (Kilner 1997; Saino et 
al. 2000). Many studies have reported a positive effect of both UV reflectance or carotenoid-
rich appearance of flanges (Jourdie et al. 2004; de Ayala et al. 2007; Loiseau et al. 2008; 
Dugas 2009; Tanaka et al. 2011 ; Wiebe & Slagsvold 2012) and reddened gapes (Gotmark & 
Ahlstrom 1997; Kilner 1997; Saino et al. 2000) on parental feeding of offspring, although 
some studies have observed no effect of either UV reflectance of flanges (Wiebe & 
Slagsvold 2009) or gape redness (Noble et al. 1999) on parental provisioning preferences. 
Even in studies where parents appear to base feeding choices on gape and/or flange 
colouration of their nestlings, however, it is often debatable as to whether parents are feeding 
nestlings based on conspicuousness or apparent need/condition. 
1.3 Goals of thesis 
My thesis had three main goals. My first goal was to understand if the smallest nestlings in a 
nest are of inherent poor "quality", or if they are the smallest simply because they are 
outcompeted by their older and larger siblings. I investigated this by measuring egg and yolk 
mass in relation to laying order and combining my findings with the results of a cross-
fostering experiment where bigger (or smaller) nestlings within a nest were swapped such 
that they became smaller ( or bigger) nestlings in their foster nests. My second goal was to 
determine whether it is the parents or the offspring that bear the costs of nest ectoparasitism. 
I measured size, growth, haematocrit, constitutive innate immunity, and survival of nestlings 
in non-parasitized nests in comparison with nestlings in control (parasitized) nests to test if 
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offspring pay the costs of nest ectoparasitism. To test if parents bear the costs instead, I 
investigated whether there were differences in parental feeding rates, and hence parental 
energy expenditure, between nests where parasites had been removed and control 
(parasitized) nests, as well as compared the amount of mass lost by parents during the 
brooding period. My third goal was to better understand the function of gape and flange 
colouration in nestling passerines. To do this, I carried out three colour manipulation 
experiments. I manipulated the ultraviolet reflectance of the flanges of nestlings by blocking 
UV in some individuals and then comparing how parents allocated food to UV-blocked 
nestlings and control UV-reflecting nestlings. In a similar fashion, I compared parental food 
allocation between nestlings whose mouth redness I experimentally enhanced versus those 
with naturally-coloured mouths. Finally, I also compared nestling size and growth between 
nestlings with experimentally blackened flanges and nestlings with naturally coloured 
flanges. Overall, I wanted to understand how all of these nestling characteristics affect, and 
are affected by, parental life-history trade-offs. 
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2. EGG INVESTMENT AND HATCHING ASYNCHRONY IN TREE 
SWALLOWS: THE ROLE OF SIZE HIERARCHIES AND QUALITY IN 
DETERMINING THE PERFORMANCE OF LAST-HATCHED 
NESTLINGS 
2.1 Abstract 
There are many competing hypotheses for the function of hatching asynchrony within the 
broods of birds. These hypotheses can be divided into two broad groups: those that consider 
hatching asynchrony to be adaptive and those that consider it to be a by-product of 
commencing incubation before clutch completion, with early incubation often being adaptive 
or arising due to constraints. I investigated the relationship between egg investment and 
hatching asynchrony by measuring both total egg mass and egg yolk mass in relation to 
laying order in a population of tree swallows (Tachycineta bicolor) and testing how hatching 
asynchrony affects the relative performance (size before fledging, growth rates, cell-
mediated immune response) of nestlings using data from a cross-fostering size manipulation 
experiment. I observed that both total egg mass and yolk mass increased with order of laying, 
confirming the investment pattern reported by other studies. The cross-fostering size 
manipulation showed that later-hatched nestlings that were manipulated to be larger in size 
relative to their nest mates attained greater masses before fledging than if they had retained 
their size disadvantage and had stronger immune responses, which may be because these 
later-hatched nestlings hatched from later-laid eggs with larger yolks. Overall, my results 
indicate that tree swallows follow a "brood survival strategy" by allocating extra nutrients to 
later-laid eggs to alleviate detrimental effects of within-brood size hierarchies on later-
hatched nestlings. This suggests that hatching asynchrony is not adaptive in tree swallows, 
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and may instead be a by-product of commencing incubation before clutch completion. 
2.2 Introduction 
Most birds lay one egg per day and often begin incubation before the clutch is complete, 
which leads to asynchronous hatching and size hierarchies among the young in the nest 
(Clark & Wilson 1981). Lack and Lack (1951) and Lack (1954) suggested that this was a 
brood-reduction strategy and the size hierarchy that results from hatching asynchrony would 
allow for rapid brood size reduction through sibling competition during periods of food 
scarcity. This reduces the brood to a size that parents can effectively care for. Also, since 
sibling competition usually results in the death of the smallest, last-hatched nestling (if 
mortality occurs at all), only the offspring that have received the least amount of time and 
energy investment by parents are lost. In this way, the fitness of both the parents and the 
surviving nestlings can be increased by the loss of the smallest nestling. 
Although the "brood-reduction hypothesis" is intuitively appealing, many other 
hypotheses have been put forward to explain hatching asynchrony. All such hypotheses can 
be divided into two broad groups: one group considers hatching asynchrony to be adaptive, 
while the other considers hatching asynchrony to be a by-product of commencing incubation 
before clutch completion, with early incubation often being adaptive or arising due to 
constraints (Stenning 1996, Szollosi et al. 2007). In addition to the "brood-reduction 
hypothesis", other adaptive explanations include the " insurance hypothesis", which is often 
applied to species with small clutch sizes, such as raptors . When parents usually only rear 
one offspring, a second egg acts as insurance in case the first does not hatch or the first 
offspring dies; if both eggs hatch, the younger sibling often dies due to sibling competition or 
fratricide (Stinson 1979, Forbes 1991 ). Alternatively, the "tasty chick hypothesis" proposes 
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that the nestling in poorest condition in a nest (usually the smallest, last-hatched offspring) is 
the one with the least efficient immune system, leading ectoparasites to preferentially feed on 
this "tasty chick" without negatively affecting the survival of other young in the nest (Christe 
et al. 1998). The "peak load reduction hypothesis" states that size hierarchies resulting from 
asynchronous hatching spread out the peak food demands of individual siblings, so that the 
amount of food that parents need to provide on any given day is less than if all nestlings were 
the same size (Hussell 1972), thus reducing the energetic demand on parents. The "sibling 
rivalry reduction hypothesis" states that the size hierarchy is meant to reduce sibling rivalry 
within the nest, as smaller siblings concede any disputes with larger siblings to reduce energy 
expenditure (Hahn 1981). 
The second group of hypotheses argues that asynchrony is due to constraints, or is a 
by-product of beginning incubation before clutch completion. The "predation hypothesis" (or 
"hurry-up hypothesis" or "nest failure hypothesis") states that when probability of nest 
predation is high or food resources are declining, beginning incubation before clutch 
completion allows parents to shorten the time until fledging, minimizing both the time 
offspring are exposed to nest predators and the time during which nestlings need to be fed, so 
that at least some young can fledge (Russell 1972, Clark & Wilson 1981). The constraint-
based "egg viability hypothesis" suggests that incubation begins before laying is finished 
because the viability of first-laid eggs decreases the longer they are not incubated (Arnold et 
al. 1987). Finally, the "sexual conflict hypothesis" states that a female manipulates her mate 
into investing more in their brood by beginning incubation early in the laying sequence 
(Slagsvold & Lifjeld 1989); if the female increases hatching asynchrony, she increases the 
amount of time she must brood, decreasing her own time performing more energetically 
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demanding provisioning and increasing the male's time provisioning. Another benefit this 
gives the female is reducing her mate ' s chances of mating with other females, as more of his 
time is taken up with provisioning. 
Tree swallows (Tachycineta bicolor) are "income breeders", using nutrients and 
energy concurrently available through foraging to form eggs (Winkler & Allen 1996). Within 
their clutches, egg mass varies, and much of the variation is attributable to differences in 
albumen and water content among eggs (Williams 1994). Albumen is the part of the egg 
which, along with containing some proteins, minerals, and most of the egg' s water content, 
primarily determines the structural size of a nestling, while the yolk influences the quality of 
the nestling, since it contains the majority of nutrient reserves for the developing embryo 
(Finkler et al. 1998). 
Although the last-laid egg is generally heaviest in tree swallows, these eggs also tend 
to hatch last (Zach 1982, Wiggins 1990, Bitton et al. 2006). First-laid eggs, in turn, tend to 
hatch first (Clotfelter et al. 2000). First-hatched nestlings grow faster and are heavier than 
their later-hatched siblings at fledging, as well as having longer ninth primary flight feathers 
at fledging (Zach 1982, Bitton et al. 2006). Early hatched offspring also are more likely to 
fledge successfully than their younger siblings (Zach 1982). However, it is unclear whether 
this is because they are better "quality" or simply because they are physically larger and can 
thus outcompete their smaller siblings. Zach (1982) stated that tree swallows appear to use 
brood reduction to maximize their reproductive output, which lends support to the "brood-
reduction hypothesis". Based on similar studies of egg mass variation, however, Wiggins 
(1990) suggested that increasing egg mass as the laying sequence progressed might work to 
counter the size hierarchies resulting from hatching asynchrony (the "brood survival" 
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strategy). Ardia et al. (2006) found that, like total egg mass, yolk mass increases with the 
laying sequence in tree swallows, suggesting that hatching asynchrony is maladaptive and 
that females try to mitigate the detrimental effects of size hierarchies by allocating more 
reserves to later laid eggs. 
I measured both total egg mass and egg yolk mass in relation to laying order in a 
population of tree swallows breeding near Prince George in north-central British Columbia 
(BC) to confirm the patterns of resource allocation to eggs that have previously been 
documented ( e.g., Zach 1982, Wiggins 1990, Ardia et al. 2006, but see Whittingham et al. 
2007). I also tested how hatching asynchrony affects the relative performance of nestling tree 
swallows, specifically whether smaller, later-hatched nestlings are of inherent poor "quality" 
or if they may simply be unable to compensate for their initial disadvantage, in terms of 
competition for food or space within the nest, and whether their reduced performance relative 
to earlier-hatched nest mates is therefore a reflection of this persistent disadvantage. I used 
data from a cross-fostering experiment where bigger (or smaller) nestlings within a nest were 
swapped such that they became smaller ( or bigger) nestlings in their foster nests. In the case 
of later-hatched nestlings in a nest being of poorer "quality", I predicted that if a small 
nestling was made to be larger within a brood, it should perform more poorly (i.e., slower 
rates of growth, lower immune response) than the largest nestlings in natural broods, whereas 
if a large nestling was made to be smaller within a brood, it should perform better than the 
smallest nestlings in natural broods. Alternatively, in the case of later-hatched nestlings in a 
nest performing poorly simply due to initial size hierarchies, I predicted that if a small 
nestling was made to be larger within a brood, it should perform equally as well as or better 
than the largest chicks in natural broods, whereas if a large nestling was made to be smaller 
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within a brood, it should perform equally as well as or more poorly than the smallest 
nestlings in natural broods. Overall, my goal was to understand if the smallest nestlings in a 
nest are of inherently poor "quality", or if they are the smallest simply due to being 
outcompeted by their older and larger siblings. 
2.3 Methods 
2.3.1 Study species, study site, and general.field procedures 
Tree swallows are insectivorous, cavity-nesting passerines that inhabit open fields , meadows, 
and marshlands. They are considered to be socially monogamous, with a male and female 
pairing to raise offspring, although extra-pair paternity is common (O' Brien & Dawson 
2007). Tree swallows arrive on my study site in late April, and females typically lay four to 
seven eggs beginning in late May. After an incubation period of about 12 days, eggs within a 
clutch generally hatch over a period of approximately 26 - 30 hrs (Clotfelter et al. 2000), 
although eggs within some clutches have been found to hatch over a period of as much as 
four days (Zach 1982). Altricial young are cared for by both parents, although the female 
does all the brooding. Nestlings mature over a period of about three weeks, and generally 
fledge when they are 18 - 24 days old. 
The field site that I used for my egg and yolk mass study in 2012 was located 
approximately 10 km west of Prince George, BC (53° N 123° W). The cross-fostering 
experiment was carried out in 2005 and 2006 at a site approximately 20 km south-east of 
Prince George. The habitat in both areas consisted of wetlands interspersed with grassy 
meadows and some small stands of deciduous and coniferous trees. Nest boxes were 
mounted on posts approximately 1 - 1.5 m above the ground and were spaced - 30 m apart. 
Beginning in early May, I checked nest boxes for eggs every two days until the first egg in 
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the population was laid, after which boxes were checked daily. When the number of eggs in a 
nest box remained constant for two days, the clutch was considered complete and the nest 
was left undisturbed for 12 days, allowing incubation to occur. After that time passed, nests 
were once again checked daily, until all eggs hatched. The day that the first nestling in a 
clutch hatched was considered to be day 0. I individually marked each nestling for 
identification purposes with a non-toxic marker on their legs when they were two days old, 
and visited nests every two days until day 16 to measure growth ofnestlings (details below). 
Once offspring were at least two days old, adults were captured in nest boxes using a swing-
door trap. I measured each adult' s mass to the nearest 0.25 g using a spring scale, length of 
the combined head and bill ("head-bill") to the nearest 0.1 mm using digital calipers, and 
lengths of the wing, ninth primary flight feather, tail, and outer rectrix to the nearest 0.5 mm 
using a ruler. I used the residuals of linear regressions of mass on length of head-bill and age 
of nestlings when parents were trapped as an index of body condition (Ardia 2005; Schulte-
Hostedde et al. 2005), with analyses performed separately for each sex (males: F2,141 = 14.77, 
P < 0.0001, R2 = 0.17; females : F2, 153 = 40.51 , P < 0.0001, R
2 = 0.35). Age ofnestlings when 
parents were trapped was included in the regression to take into account the fact that parents 
often lose mass during the nestling period (Williams 1988; Wardrop & Ydenberg 2003) and 
not all adults were trapped at the same point in the nestling period. 
I obtained daily ambient temperatures throughout the breeding season from the 
Environment Canada weather station (http://climate.weather.gc.ca), located approximately 
12 km from my field site. Maximum, minimum, and mean daily temperatures from May 
through July are presented in Appendix 1. 
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2.3.2 Egg and yolk mass in relation to laying order 
I measured egg mass in relation to laying order using a portable digital scale to weigh 
(nearest O.Olg) each egg on the day it was laid. Each egg was numbered according to its 
laying order on one end of its shell with a non-toxic pen. After egg mass measurement, I 
used an "ovolux" to estimate yolk size (Ardia et al. 2006), which passed a beam of bright 
light through the egg, allowing the outline of the yolk to be discerned and a digital 
photograph of the yolk in the egg to be taken. Each photograph was then processed with 
ImageJ software (National Institutes of Health, Bethesda, Maryland, USA) to estimate the 
area of the yolk relative to a standardized scale. A number of eggs that parents abandoned 
during my study in 2012 and subsequent studies in 2014 were collected, photographed using 
the ovolux, and then frozen, after which they were dissected and the yolks were weighed to 
the nearest 0.0001 g on an analytical balance (see Ardia et al. 2006 for more detailed 
methods of egg dissection). The yolk mass of these eggs was regressed against yolk area 
estimated from their photographs (sensu Ardia et al. 2006) to produce an equation (yolk mass 
(g) = 0.002972 x estimated yolk area (mm2) + 0.022582, R2 = 0.595, N = 26) that allowed 
me to estimate yolk mass in all the eggs I had weighed and photographed in 2012. 
Data from eggs laid by second-year females (age determined using plumage colour; 
Russell 1983) or those of unknown age were excluded from the final dataset, as female age 
has been found to have effects on reproduction (De Steven 1978; De Steven 1980; 
Stutchbury & Robertson 1988). 
2.3.3 Offspring size, growth, and immunocompetence in relation to position in size 
hierarchy 
To determine growth rates and immune responses of tree swallow nestlings, I used data 
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obtained from a cross-fostering experiment conducted in 2005 and 2006 (E.L. O'Brien and 
R.D. Dawson, unpublished data), and I present an overview of those measurements here. An 
electronic scale was used to weigh (nearest 0.01 g) nestlings when they were two days old. 
Broods of the same age were then paired such that two of the lightest nestlings in one brood 
were of similar size to two of the heaviest nestlings in the other brood. These nestlings were 
exchanged between the paired nests, so that the two nestlings that had been small in their 
natal brood became larger relative to their nest mates in their foster brood, while the two 
nestlings that had been large in their natal brood were now smaller in their foster brood. 
N estlings were kept in a warm padded cloth bag while being transported between nests, and 
transport time was usually less than 5 min, depending on the distance between paired nests. 
If broods could not be paired with another brood on day two, they were paired on day three if 
an appropriate (i.e., approximately equally-sized) day two brood was available. 
Every two days from day four until day 16, nestlings were weighed using a Pesola 
spring scale (nearest 0.125 g) . In 2005, the tarsus of each nestling was measured using digital 
calipers (nearest 0.1 mm); in 2006 the length of the head-bill was measured instead, using the 
same method. Ninth primary feathers also were measured every two days using a ruler, from 
day eight to day 16. T-cell-mediated immune response (CMI) was measured on day nine by 
injecting 30 µl of 2 mg/ml phytohaemagglutinin-P in phosphate buffered saline (PBS) 
intradermally into the right wing web and measuring the change in thickness of the wing web 
between just prior to injection and after 24 h (see Smits et al. 1999). Thickness of the wing 
web was measured to the nearest 0.01 mm using a pressure-sensitive thickness gauge. The 
left wing web was also measured before and after injection of the right wing, and this 
difference in left wing web thickness was subtracted from the initial CMI value to control for 
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any growth-related changes in thickness of wing webs (O 'Brien & Dawson 2008). For those 
nest pairs that contained nestlings of different ages (i.e., where day three young were 
exchanged with day two young), nest visits were timed according to the age of the original 
brood, not of the foster nestlings. CMI response, however, was measured in all nestlings 
when they were actually nine days old. 
I calculated growth rate constants for individual nestlings from the measurements of 
nestling characters taken over the nestling period. I used a linear model for the growth of 
ninth primary flight feathers , a logistic model for the growth of mass, and Gompertz models 
for the growth of tarsus and head-bill, as in Dawson et al. (2005) . Mass, tarsus, head-bill, and 
their related growth rates, have been reported to be connected to fledgling survival and/or 
recruitment in numerous passerine species (reviewed in Gebhardt-Henrich & Richner 1998). 
Growth rates of mass, wing, and tarsus have been shown to be important predictors of 
offspring recruitment among tree swallows (McCarty 2001 ), as has mass before fledging 
(Shutler et al. 2006). 
Data from nests raised by second-year females or those of unknown age were 
excluded from the final dataset (see references in Section 2.3.2), as were nests that hatched 6 
days or more after the majority of nests. Only those nestlings for which complete data were 
available were used in analyses (in 2005, 17 out of 101 nestlings died before 16 days of age; 
in 2006, 15 out of 103 nestlings died before 16 days of age). 
2.3.4 Statistical analyses 
Random intercept linear mixed modeling (LMM) was used to determine if egg mass and yolk 
mass differed with laying order. Initial models for both variables included clutch identity (the 
clutch to which an egg belonged) as a random factor and laying order, the date that the clutch 
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an egg belonged to was initiated (where 1 January= 1), clutch size, condition of the female 
parent, and the mean ambient temperature over the three days before an egg was laid as 
covariates. Mean ambient temperature over the three days before an egg was laid was 
included as a covariate because a previous study of tree swallows found that that egg mass 
increases with increasing temperature in the three days before laying (Whittingham et al. 
2007). 
Random intercept LMM was also used to determine whether going up or down in the 
size hierarchy of a nest had an effect on mass and size of nestlings at 16 days of age, growth 
rates, or CMI response of nestlings at nine days of age. Comparisons were made among three 
treatment groups. The "moved up" group consisted of nestlings that had been relatively small 
in their natal brood and then had been moved up in the size hierarchy, as described in Section 
2.3.3. The "moved down" group consisted of nestlings that had been relatively large in their 
natal brood and then had been moved down in the size hierarchy, as described in Section 
2.3.3 . The "control" group included all nestlings in experimental broods that had not had 
their relative size manipulated. The relative size of each nestling immediately after swaps 
among nests had occurred (hereafter "initial size") was calculated as a Z-score by subtracting 
the mean mass of the brood of rearing on the day of the swap from the mass of the individual 
on the day of the swap and dividing the result by the standard deviation in mass of the brood 
of rearing on that same day. The initial models for mass and length of ninth primary feathers 
at day 16, growth of mass and ninth primary feathers , and CMI response included treatment 
(control, moved up, or moved down) and year as fixed factors, brood identity (brood a 
nestling was reared in) as a random factor, and initial size and brood size as covariates. Initial 
models for length of tarsus and head-bill at day 16, and their growth rates, were similar 
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except that year and its associated interactions were not included, as tarsus was only 
measured in 2005 and head-bill was only measured in 2006. I tested for equality of slopes in 
each model by including all interactions between fixed factors and covariates. 
For all analyses, variables and interactions within models that did not approach 
significance (P > 0.1) were sequentially removed from models in a backwards stepwise 
fashion, although treatment was always retained in final models. In cases where final models 
included a significant interaction between a covariate and a fixed factor, I conducted further 
analyses for each level of the fixed factor. When size manipulation treatment effects were 
detected, I performed multiple comparisons using a Bonferroni-corrected alpha. I considered 
results significant at the 0.05 level. Results between 0.05 and 0.10, although not statistically 
significant, are presented and interpreted because sample sizes were relatively low and such 
results may still have had biological significance. All analyses were conducted using SPSS 
(IBM Corp. 2011) and means are presented± 1 standard error (SE). 
2.4 Results 
2.4.1 Egg and yolk mass 
For the 37 clutches I collected data on in my population, the average mass of eggs 
was 1.80 ± 0.008 g (range: 1.46 - 2.21 g, N = 234) and the estimated yolk mass averaged 
0.384 ± 0.002 g (range: 0.307 - 0.462 g, N = 234). Yolk mass made up an average of 21.4 ± 
0.001 % (range: 17.9 - 27.1 %, N = 234) of the total mass of an egg, and heavier eggs 
possessed heavier yolks (r = 0.51 , N = 234, P < 0.0001). Egg mass increased significantly 
with laying order (Table 2.1; Fig. 2.1 ), and was greater in clutches that were initiated earlier 
in the season. Eggs were also heavier when mean ambient temperature over the three days 
leading up to laying was higher, and tended to be heavier when belonging to smaller 
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Table 2.1: Results of linear mixed models testing for the effect of laying order on egg and yolk mass of tree swallow eggs laid near 
Prince George, BC (N = 234 eggs, 37 clutches). "Temperature before laying" is the mean ambient temperature (°C) over the three 
days before an egg was laid. 
Covariate 
Random 
Variables 
Laying order 
Clutch initiation date 
Clutch size 
Temperature before laying 
Clutch identity 
Egg mass (g) 
d.f. F 
1,198.18 15.21 
1,34.07 7.88 
1,34.37 4.05 
1,204.73 24.35 
WaldZ 
3.79 
p 
< 0.0001 
< 0.01 
0.05 
< 0.0001 
p 
< 0.001 
d.f. 
1,205.73 
1,35.58 
1,218.12 
Yolk mass (g) 
F 
24.94 
7.11 
42.24 
WaldZ 
3.36 
p 
< 0.0001 
0.01 
< 0.0001 
p 
< 0.001 
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Figure 2.1: Average egg mass of tree swallows in relation to the order in which the eggs were 
laid. Means are presented± 1 standard error. Sample sizes (number of eggs) are indicated 
above error bars. 
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clutches. A significant amount of variance in egg mass also was explained by clutch identity 
(Table 2.1 ). 
Yolk mass, like egg mass, also increased significantly with laying order (Table 2.1 ; 
Fig. 2.2). Yolks were heavier in clutches that were initiated later in the season and when 
mean ambient temperature over the three days leading up to laying was higher. A significant 
amount of variation in yolk mass also was explained by clutch identity (Table 2.1) . 
2.4.2 Offspring size, growth, and immunocompetence 
The mass that a nestling attained by 16 days of age was marginally affected by the 
size manipulation (Table 2.2; Fig. 2.3). Control nestlings and nestlings that were moved 
down in the size hierarchy (into nests with larger nest mates) did not differ in mass at day 16 
(P = 1.00) and nestlings that were moved up in the size hierarchy (into nests with smaller 
nest mates) did not significantly differ from nestlings that were moved down (P = 0.15), but 
nestlings that were moved up in the hierarchy tended to be heavier at day 16 than control 
nestlings (P = 0.06). In addition, nestlings tended to be heavier by day 16 when they were of 
a larger initial size, and a significant amount of variance in mass was accounted for by brood 
identity (Table 2.2). 
The length of a nestling' s tarsus on day 16 was not significantly affected by treatment 
in the one year that it was measured (Table 2.2). Initial analysis of length of head-bill at day 
16 indicated that in the one year it was measured, the size manipulation had a significant 
effect (Table 2.2) and a significant amount of variance in head-bill length was accounted for 
by brood identity. There was, however, a significant interaction between treatment and brood 
size, so I carried out further analyses separately by treatment. By 16 days of age, head-bills 
were longer for control nestlings raised in smaller broods (F 1,13 .05 = 6.83, P = 0.02), but 
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Table 2.2: Results from linear mixed models testing for the effect of manipulating nestling tree swallows' positions in the size 
hierarchy of a nest on mass, length of tarsus, length of head-bill , and length of ninth primary flight feathers of 16-day-old tree 
swallows. 
Variables Mass (g) Length of tarsus (mm) Length of head-bill (mm) Length of ninth primary (mm) 
d.f. F p d.f. F p d.f. F p d.f. F p 
Fixed Treatment 2,131.50 2.81 0.06 2,54.56 1.83 0.17 2,72.24 6.61 < 0.01 2,130.75 5.04 < 0.01 
Covariate Initial size 1,133. 12 3.26 0.07 1,133.06 73.03 < 0.0001 
Brood size 1,20.99 7.52 0.01 
Interaction Treatment x Brood size 2,72 6.33 < 0.01 
WaldZ p WaldZ p WaldZ p WaldZ p 
Random Brood identity 2.97 < 0.01 2.09 0.04 2.73 < 0.01 
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Figure 2.3: Mass of 16-day-old nestling tree swallows in relation to whether their position in 
the size hierarchy of a nest was not manipulated ( control), was increased (moved up), or was 
decreased (moved down), 2005 - 2006. Means are presented± 1 standard error. Sample sizes 
(number of nestlings) are indicated above error bars. 
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head-bill length was not related to brood size in either size manipulation group (both Ps > 
0.60). Variance in head-bill length at day 16 was marginally accounted for by brood identity 
within the control group (Wald Z = 1.93, P = 0.05) and within the moved-up group (Wald Z 
= 1.77, P = 0.08), but variance in head-bill length within the moved-down group was not 
related to brood identity (Wald Z = 0.89, P = 0.37). 
The length of ninth primary flight feathers of 16-day-old nestlings was significantly 
affected by the size manipulation (Table 2.2; Fig. 2.4). Nestlings that had been moved down 
in the size hierarchy had longer feathers than both controls (P < 0.01) and nestlings that had 
been moved up in the hierarchy (P = 0.01), whereas controls and nestlings that had been 
moved up did not differ in feather length at day 16 (P = 0.46). Nestlings that were a larger 
initial size had longer ninth primary feathers at day 16, as did nestlings that were raised in 
smaller broods. A significant amount of the variance in ninth primary length was explained 
by brood identity (Table 2.2). 
Growth rates of mass of control nestlings to 16 days of age averaged 0.57 ± 0.01 
g/day (N = 103, range= 0.42 - 0.74 g/day). Initial analysis indicated that rate of mass gain 
was affected by the size manipulation and year (Table 2.3), with a positive effect of initial 
size. There was, however, also a significant interaction between treatment and initial size, as 
well as marginally significant interactions between treatment and brood size, year and initial 
size, and year and brood size, so further analyses were carried out separately by year. When I 
analyzed the data for 2005, the treatment by initial size interaction remained (F2,48.17 = 4.77, 
P = 0.01), so further analyses were carried out separately for each treatment. In 2005, both 
control nestlings and nestlings that had been moved down in the size hierarchy gained mass 
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Figure 2.4: Length of ninth primary flight feathers of 16-day-old nestling tree swallows in 
relation to whether their position in the size hierarchy of a nest was not manipulated 
( control), was increased (moved up), or was decreased (moved down), 2005 - 2006. Means 
are presented± 1 standard error. Sample sizes (number of nestlings) are indicated above 
error bars. 
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Table 2.3: Results from linear mixed models testing for the effect of manipulating nestling tree swallows' positions in the size 
hierarchy of a nest on growth rates of mass, tarsus, head-bill , and ninth primary flight feathers , respectively. 
Variables 
Fixed Treatment 
Year 
Covariate Initial size 
Brood size 
Interaction Treatment x Year 
Treatment x Initial size 
Treatment x Brood size 
Year x Initial size 
Year x Brood size 
Random Brood identity 
Growth of mass 
d.f. 
2,121.97 
1,39.52 
1,1 19.77 
2,121.25 
2,121.52 
1,116.44 
1,47.96 
(g/day) 
F 
3.26 
4.26 
33 .32 
5.93 
2.98 
2.93 
3.67 
WaldZ 
p 
0.04 
0.046 
< 0.0001 
< 0.01 
0.05 
0.09 
0.06 
p 
Growth of tarsus 
(mm/day) 
d.f. F p 
2,54.23 1.25 0.30 
1,59.29 6.44 0.01 
WaldZ p 
Growth of head-bill 
(mm/day) 
d.f. F p 
2,72.89 5.26 < 0.01 
2,72.95 2.84 0.07 
WaldZ p 
Growth of ninth primary 
(mm/day) 
d.f. F p 
2,126.10 0.59 0.56 
1,21.89 9.58 < 0.01 
2,127.26 3.82 0.02 
2,125 .17 4.06 0.02 
WaldZ p 
2.56 0.01 
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faster if their initial size was larger (control: F 1,33.27 = 5.31, P = 0.03; moved down: F 1,4 .71 = 
29.55, P < 0.01), while initial size had no effect on mass growth of nestlings that had been 
moved up in the size hierarchy (F 1,4.49 = 0.39, P = 0.56). Brood identity accounted for a 
significant amount of variance in mass growth among control nestlings (Wald Z = 2.21, P = 
0.03), but not among nestlings in either size manipulation group (both Ps > 0.47). When I 
analyzed the data for 2006, both the treatment by initial size interaction (F2,68 _66 = 3.55, P = 
0.03) and the treatment by brood size interaction (F2,69.84 = 4.03 , P = 0.02) remained, so 
further analyses were carried out separately for each treatment. Control nestlings in 2006 
gained mass faster when they started out at a larger initial size (F 1,52.16 = 13.90, P < 0.001) 
and when they were raised in smaller broods (F 1,13 .33 = 4.99, P = 0.04). The mass growth of 
nestlings that were moved up in the size hierarchy was not related to initial size or brood size 
(both Ps > 0.49). Nestlings that had been moved down in the size hierarchy gained mass at a 
faster rate when they were a larger initial size (F 1,6.12 = 21.11, P < 0.01), but mass gain was 
not related to brood size (P = 0.49). 
In 2005, tarsi of control nestlings grew at an average of 0.52 ± 0.02 mm/day (N = 44, 
range = 0.15 - 0.85 mm/day) to 16 days of age. Growth of tarsi was not affected by 
manipulation of placement in the size hierarchy (Table 2.3), but nestlings that were a larger 
initial size grew their tarsi at a faster rate. In 2006, head-bills of control nestlings grew at 
0.22 ± 0.004 mm/day (N = 59, range= 0.16 - 0.28 mm/day). Initial analysis of growth of 
head-bill showed a significant effect of size manipulation (Table 2.3), but there was also a 
marginal interaction between treatment and initial size, so I carried out further analyses 
separately by treatment. Nestlings that were moved down in the size hierarchy tended to 
grow their head-bill faster if they were a larger initial size (F 1,7.59 = 4.77, P = 0.06), but initial 
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size had no significant effect on controls or nestlings that had been moved up in the size 
hierarchy (both Ps > 0.10). 
Ninth primary feathers increased in length by 5.46 ± 0.03 mm/day (N = 103, range= 
4.46- 6.12 mm/day) over the nestling period. Initial analysis of ninth primary growth rates 
showed no effect of size hierarchy manipulation (Table 2.3), although there was a significant 
effect of brood size and a significant amount of variance in feather growth was explained by 
brood identity. There were significant interactions between year and treatment, and between 
treatment and initial size, however, so further analyses were carried out separately by year. In 
2005, growth of ninth primaries was not affected by the size manipulation (F2,52_10 = 1.20, P = 
0.31) and a significant amount of variance in growth was explained by brood identity (Wald 
Z = 2.00, P = 0.045). When I analyzed the data for 2006, the interaction between treatment 
and initial size remained (F2,74_22 = 3.83 , P = 0.03), so further analyses were carried out 
separately by treatment. Control nestlings grew their ninth primaries at a faster rate if they 
were a larger initial size (F 1,54.60 = 5.66, P = 0.02) and if they were raised in a smaller brood 
(F, ,15 03 = 5.49, P = 0.03), whereas initial size and brood size had no significant effect on 
growth of ninth primaries in either size manipulation group (all Ps > 0.14). 
CMI response of nestlings was affected by treatment (Fz,144 = 3.93, P = 0.02; Fig. 
2.5). Nestlings that moved up in the size hierarchy had similar CMI responses to control 
nestlings (P = 0. 76), but nestlings that moved down in the hierarchy had lower CMI 
responses than both controls (P = 0.03) and nestlings that moved up in the hierarchy 
(P = 0.03). CMI responses were also greater in nestlings that were of smaller initial size 
(F1 ,144 = 11.58, P < 0.001) and higher in 2005 than 2006 (F1,144 = 48.18 , P < 0.0001). 
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Figure 2.5: The T-cell-mediated immune (CMI) responses of nestling tree swallows in 
relation to whether their position in the size hierarchy of a nest was not manipulated 
(control), was increased (moved up), or was decreased (moved down), 2005 -2006. Means 
are presented± 1 standard error. Sample sizes (number of nestlings) are indicated above 
error bars. 
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2.5 Discussion 
2.5.1 Egg and yolk mass 
Within clutches of tree swallows in my study, egg mass increased with laying order, which is 
in agreement with many previous studies of tree swallows (Zach 1982; Wiggins 1990; Ardia 
et al. 2006; Bitton et al. 2006; but see Whittingham et al. 2007) and some other altricial 
species (Howe 1976; Ojanen 1983; Mead & Morton 1985; Hillstrom 1999; Saino et al. 2004; 
Rosivall et al. 2005; Liljesthrom et al. 2012; Newbrey et al. 2015). Like egg mass, yolk mass 
also increased with order of laying within clutches, as observed in previous studies of tree 
swallows (Ardia et al. 2006), white-rumped swallows (Tachycineta leucorrhoa; Barrionuevo 
et al. 2014), and red-winged blackbirds (Agelaius phoeniceus; Newbrey et al. 2015), but in 
contrast to Chilean swallows (Tachycineta meyeni) for which size of yolk did not vary with 
laying order (Liljesthrom et al. 2012). Since both egg mass and yolk mass increased with 
laying order in my study, it appears that nestlings hatching from later-laid eggs could benefit 
from both increased albumen proteins and increased yolk lipids. These additional nutrients 
may make up for their low place in the size hierarchy of the nest resulting from asynchronous 
hatching. In addition, these nestlings could possibly benefit from having a greater immune 
response than their older siblings by having a greater amount of carotenoids (Bortolotti et al. 
2003) and immunoglobulins (Graczyk et al. 1994) from their larger yolks. This suggests that 
female tree swallows in my study population follow a "brood survival" strategy (Slagsvold et 
al. 1984), as has been indicated for other tree swallow populations (Wiggins 1990; Ardia et 
al. 2006; Bitton et al. 2006). 
Besides increasing with laying order, egg and yolk mass also varied in relation to 
several environmental factors. Both eggs and yolks were heavier when the mean ambient 
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temperature over the three days leading up to the egg being laid was higher. This indicates 
that eggs and yolks benefit from warm temperatures during development, likely because 
flying insects are more abundant during warmer temperatures (Whittingham et al. 2007), 
providing females with more nutrients to allocate to both albumen and yolks. Alternatively, 
heavier eggs with heavier yolks are laid after warmer temperatures because females are less 
constrained by thermoregulatory energetic concerns and are able to allocate more energy to 
egg production (Ojanen 1983; Barrionuevo et al. 2014). Interestingly, I found that eggs were 
heavier in clutches that were initiated earlier in the season, while yolks were heavier in 
clutches that were initiated later in the season. As flying insect abundance has been found to 
increase throughout the season in the area of my study site (Harriman et al. 2014), this may 
indicate that yolk mass is directly related to the amount of flying insects available for the 
female to ingest, particularly during the five to six day period of rapid yolk deposition (Ardia 
et al. 2006). Although insect abundance has also been shown to have a positive effect on egg 
mass (Ardia et al. 2006), I found that egg mass still declined over the season, meaning that 
females that laid earlier in the season laid eggs with a higher proportion of albumen and/or 
shell and lower proportion of yolk than the eggs of females that laid later in the season. This 
may mean that the nutrients and water necessary for albumen formation and/or the calcium 
necessary for shell formation come from reserves within the female and cannot be acquired 
from current foraging, which leads to the possibility that females that laid eggs earlier in the 
season were in better body condition with more reserves for albumen and/or egg shell. 
Indeed, I did find that female body condition, even after incubation and some nestling rearing 
(see Section 2.3.1), was negatively related to clutch initiation date (rs= -0.38, N = 37, P = 
0.02). Additionally, females that begin laying eggs earlier in the season are often older birds 
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which lay heavier eggs than younger females, although yolk mass does not appear to differ 
between ages (Ardia et al. 2006). Previous studies of tree swallows and other swallow 
species have found that both egg and yolk masses increase with increasing flying insect 
abundance (Ardia et al. 2006; Whittingham et al. 2007; Barrionuevo et al. 2014), while yolk 
mass increases throughout the season and total egg mass is unrelated to when an egg is laid 
(Ardia et al. 2006; Whittingham et al. 2007; Liljesthrom et al. 2012). 
Despite the influences of laying order and environmental factors, a significant amount 
of variance in both total egg mass and yolk mass was attributable to brood identity. These 
findings agree with studies that propose that egg size is heritable and repeatable within 
individual female birds (Wiggins 1990; Christians 2002 and references therein; Whittingham 
et al. 2007). My index of female body condition had no effect on either egg characteristic 
(unpublished results), but this may be because I was only able to measure females after they 
had already laid and incubated eggs, and had begun raising nestlings. 
2.5.2 Offspring size, growth, and immunocompetence 
Being moved up or down in the size hierarchy within a nest did not directly affect length of 
tarsus or head-bill of nestling tree swallows at 16 days of age, nor did it directly affect 
growth rates of these characters or of mass. Changing position in the size hierarchy did, 
however, have significant effects on mass and length of ninth primary feathers of nestlings at 
day 16, and cell-mediated immune (CMI) response. Nestlings that were moved up in the size 
hierarchy were heavier at day 16 than both controls and nestlings that were moved down in 
the hierarchy, indicating that nestlings that were moved up benefitted from an increased size 
advantage. Nestlings that were moved down in the size hierarchy, on the other hand, had 
longer ninth primaries by day 16 but lower CMI responses than did either controls or 
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nestlings that had been moved up in the hierarchy. As nestlings that were moved down in the 
size hierarchy likely hatched from eggs that hatched earlier in the hatching sequence (i.e., 
larger nestlings usually hatch from eggs that are laid earlier in the laying order of a clutch 
and these eggs are usually first to hatch; Zach 1982; Johnson et al. 2003; Bitton et al. 2006), 
this suggests that early-hatched nestlings in a nest preferentially invested in feather 
development, despite facing a size disadvantage. The finding that these nestlings also had 
lower CMI response, however, could mean that these earlier-hatched nestlings had to trade 
off immune function for feather development. Alternatively, they may have innately 
possessed weaker immune responses because they likely hatched from eggs laid earlier in the 
laying order with smaller yolks (see Section 2.5.1) and thereby obtained fewer carotenoids 
and immunoglobulins for their immune systems. 
Regardless of whether initial size was natural or whether it had been manipulated, 
nestlings that were larger relative to their nest mates at the start of brood rearing were heavier 
and had longer ninth primary flight feathers at day 16, grew tarsi faster, and had lower CMI 
responses. These relationships, in conjunction with the effects of size manipulation, indicate 
several possibilities. First, nestlings that hatched later in the hatching sequence and then were 
moved up in the size hierarchy attained heavier masses by day 16 than nestlings that were 
naturally a larger initial size, which may mean that late-hatched nestlings possess the 
capability for reaching larger masses than their older siblings and are kept from reaching this 
potential mass because their older siblings get a head start on growth. Second, despite the 
positive effect of initial size on length of ninth primary feathers by day 16, nestlings that 
hatched earlier in the hatching sequence and then were manipulated to a smaller initial size 
attained longer ninth primary feathers by day 16 than nestlings of larger initial size, 
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suggesting that earlier-hatched nestlings possess the capability for growing longer primary 
feathers and this capability is not simply due to a size advantage over their later-hatched 
siblings. Third, growth of structural features such as tarsal bones appears to be related to how 
much food and/or calcium nestlings can acquire by virtue of their size, and despite the 
greater allocation of nutrients to eggs laid later in the laying order, nestlings possess similar 
capabilities for tarsus growth regardless of their position in the hatching sequence. Finally, 
despite my finding that CMI responses were greater in nestlings that were of a smaller initial 
size in the nest hierarchy, nestlings that had hatched earlier than their siblings and then were 
manipulated to a smaller relative size had lower CMI responses than control nestlings and 
later-hatched nestlings that had been moved up in the size hierarchy, indicating that these 
earlier-hatched nestlings are either trading off immune response against growing longer ninth 
primary feathers when lacking a size advantage or they possess a lower immune response 
because they hatched from small eggs with small yolks laid earlier in the laying order (see 
Section 2.5.1). 
Many studies have found that nestlings that hatch earlier within the hatching 
sequence perform better than late-hatched nestlings (reviewed in Magrath 1990 and Stenning 
1996), whether that means being larger morphologically ( e.g., Mainwaring et al. 2009), 
having faster growth rates (e.g., Newbrey & Reed 2009), or having a better chance of 
survival (e.g., Hadfield et al. 2013). My results show that in tree swallows, nestlings that 
hatch earlier in the hatching sequence of a nest may possess some inherent measure of 
"quality", being able to grow longer ninth primary flight feathers than younger siblings even 
after losing their size advantage and incurring few costs of being relatively smaller. 
However, nestlings that hatch later in the hatching sequence may possess a different measure 
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of "quality", having originated from eggs with larger yolk reserves, resulting both in a 
stronger immune system and the capability to reach heavier masses than their older siblings 
if their size disadvantage is removed. 
2.5.3 Conclusions 
Many hypotheses have been put forward as to why female birds begin incubating before they 
have finished laying all the eggs in their clutch and as to how the resulting hatching 
asynchrony may or may not benefit the female herself or her offspring. Previous studies of 
tree swallows have proposed that these birds follow a "brood survival" strategy - allocating 
extra nutrients to eggs laid later in the laying order to alleviate the strain of the size hierarchy 
on nestlings that hatch later in the hatching sequence - as both total egg mass and yolk mass 
have been found to increase in later-laid eggs (Zach 1982; Wiggins 1990; Ardia et al. 2006; 
Bitton et al. 2006; but see Whittingham et al. 2007). One would expect that nestlings 
hatching from these larger eggs laid later in the laying order would benefit from these extra 
resources. Indeed, a number of studies have found that nestlings that hatch from larger eggs 
are larger in size, grow faster, have greater immunity, and have a better chance of survival to 
adulthood (reviewed in Williams 1994, Christians 2002, and Krist 2011). Some studies, 
however, have found that egg size has no effect on any of these characters (Amundsen & 
Stokland 1988; Stokland & Amundsen 1988; Krist et al. 2004). 
In my study population, both egg mass and yolk mass increased with laying order. 
The inherent advantage afforded to later-laid eggs would therefore be larger reserves of 
proteins and minerals, greater lipid reserves, and more immune system-boosting nutrients 
provided by the yolk, such as carotenoids and immunoglobulins. Despite the increase in total 
egg and yolk mass with laying order, my prediction that last-hatched nestlings would exhibit 
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better relative performance when raised in broods in which they experienced a competitive 
advantage (i.e. where they are larger than their nest mates) and that when the largest early-
hatched nestlings become relatively smaller in a nest, they would have a reduced 
performance was only partially supported by the results of the brood-swapping experiments. 
N estlings that had hatched later in the hatching sequence had stronger immune systems and 
gained a competitive advantage by being moved up in the size hierarchy, as evidenced by 
their heavier masses at day 16. Meanwhile, nestlings that hatched earlier in the hatching 
sequence and then lost their competitive advantage by becoming relatively smaller in a nest 
had longer ninth primary flight feathers at day 16 but lower CMI responses than control 
nestlings and later-hatched nestlings that moved up in the size hierarchy. Overall, my 
findings support two main ideas. The first is that tree swallows in my population follow a 
"brood survival" strategy by increasing both total egg and yolk investment in last-laid eggs, 
which may have a beneficial effect on final mass reached and bestow a stronger immune 
response upon late-hatching nestlings. The second idea is that the biggest nestlings in a nest 
have a lower immune response than their smaller siblings and may be the heaviest only 
because they hatched first and were able to out-compete their smaller siblings by virtue of 
their size, but both older and younger siblings possess different inherent measures of 
"quality", with older nestlings being able to grow longer ninth primary feathers when they 
lose their size advantage and younger nestlings being able to attain a higher mass when they 
lose their size disadvantage. 
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3. PAYING THE COSTS OF PARASITISM: EFFECTS OF 
ECTOPARASITES ON NESTLING TREE SWALLOWS AND THEIR 
PARENTS 
3.1 Abstract 
By definition, parasites are expected to have fitness consequences for their hosts because 
they use hosts' resources. Many (but not all) studies have reported that parasites affect the 
health, behaviour, growth, survival, or reproductive success of their hosts. For neonatal birds, 
detrimental effects of parasites may not be found because the parents are bearing the cost of 
their offspring' s parasite load. Over three years, I investigated whether offspring or parents 
pay the costs of parasitism by measuring size, growth, haematocrit, constitutive innate 
immunity, and survival of nestling tree swallows (Tachycineta bicolor) parasitized by larval 
blow flies (Protocalliphora and Trypocalliphora spp.) in comparison with offspring from 
nests where parasites had been experimentally removed. I measured parental feeding rates to 
parasitized and parasite-free nestlings and compared the amount of mass lost by parents 
during the brooding period. I found no significant effects of larval blow flies parasitizing 
nestling tree swallows, except parasitized nestlings showed slightly lower haematocrit levels 
in one year. Parasitized nestlings reached the same mass and size, grew at similar rates, had 
similar constitutive innate immunity, and had the same chance of fledging as parasite-free 
nestlings. Deleterious effects of parasitism may have been compensated for by parents, as the 
parents of parasitized nestlings appeared to increase their reproductive expenditure by 
feeding their young at marginally higher rates than the parents of parasite-free nestlings. 
3.2 Introduction 
Parasites, by definition, live off of their hosts ' resources, and so are expected to have fitness 
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consequences for their hosts. These fitness consequences may be in terms of effects on 
health. For example, when the shrimp Gammarus pulex is parasitized by the acanthocephalan 
Pomphorhynchus laevis it has a lowered respiration rate (Rumpus & Kennedy 1974), its 
haemolymph has an increased protein concentration (Bentley & Hurd 1993 ), and it is more 
sensitive to pollutants like cadmium (Brown & Pascoe 1989). Fitness costs may also be 
manifested in the form of behavioural changes, such as in the freshwater snail Potamopyrgus 
antipodarum, which changes its foraging behaviour when acting as an intermediate host for 
trematodes (Microphallus spp.) so that it is more likely to be eaten by waterfowl, the 
trematodes' definitive host (Levri & Lively 1996). Parasites similarly have effects on growth 
and survivorship, such as in Pacific tree frogs (Hyla regilla) parasitized by trematodes 
(Ribeiroia spp.), which cause increased tadpole mortality and limb abnormalities in those 
individuals that make it through metamorphosis (Johnson et al. 1999). Finally, parasites also 
lower reproductive success, such as when shrimp Palaemonetes paludosus are castrated by 
parasitic isopods (Probopyrus pandalicola) (Beck 1980). 
The effects of parasites on fitness, and in particular on reproductive output and 
sexually selected traits, have been extensively studied in birds. Parasites have been shown to 
influence plumage colour in male house finches ( Carpodacus mexicanus) (Thompson et al. 
1997), the number of young successfully reared by female red grouse (Lagopus lagopus 
scoticus) (Hudson 1986), ornaments advertising social rank in both male and female red 
junglefowl (Gallus gallus) (Zuk et al. 1990; Zuk et al. 1998), and egg size, egg viability, and 
structural size of nestlings of parasitized female great tits (Parus major) (Dufva 1996). 
Parasites also affect neonatal birds by reducing body mass (Chapman 1973; Richner 
et al. 1993; Wiebe 2009), length of flight feathers (Chapman 1973), levels ofhaematocrit 
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and/or haemoglobin (Chapman 1973; Richner et al. 1993; Hannam 2006), and survival to 
fledging (Richner et al. 1993). Young mountain bluebirds (Sialia currucoides) parasitized by 
blow flies (Protocalliphora and Trypocalliphora spp.) gained mass more quickly when 
supplemented with carotenoids, while non-parasitized nestlings showed no change in growth 
rate when supplemented (O ' Brien & Dawson 2008). As carotenoids play a role in the 
immune system (Bendich 1989; Olson & Owens 1998), this suggests that there were 
detrimental effects of parasitism on mass gain and carotenoids helped nestlings compensate 
for them. In tree swallows (Tachycineta bicolor), ectoparasitic larval blow flies have been 
found to influence both mass and size of offspring ( Gentes et al. 2007; Dawson et al. 2011; 
Pigeon et al. 2013; Harriman et al. 2014). While these studies have suggested negative 
consequences of parasitism, some have found no effect of ectoparasites on nestlings. 
Nestling house wrens (Troglodytes aedon) showed little direct effects from parasitism by 
blow flies, other than a slight loss of mass (Johnson & Albrecht 1993), and no negative 
effects of Trypocalliphora braueri infestation were found on the mass or probability of 
fledging of nestling ovenbirds (Seiurus aurocapilla; Streby et al. 2009). A number of studies 
have also found no effect of parasitism by blow flies on nestling tree swallows (Roby et al. 
1992; Thomas & Shutler 2001; Gentes et al. 2007). 
Collectively, the results of past studies on the effects of parasitism on nestlings are 
equivocal. The costs of parasitism may be borne by nestlings - in the form of reduced size, 
growth, haematocrit, immune response, or survival - but if the nestlings appear unaffected by 
parasitism, the influence of parasites may be too subtle to detect. Alternatively, the cost may 
be paid by parents through increased levels of provisioning offspring, which may reduce 
future reproduction or survival of parents (M0ller 1994). For example, haematophagous 
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tropical fowl mites (Ornithonyssus bursa) parasitizing barn swallows (Hirundo rustica) 
increased the within-season costs of reproduction for parents, as birds that raised parasitized 
broods were less likely to raise a second brood in the same year and those that did raise a 
second brood had nestlings with lower average body masses (M0ller 1993). 
I experimentally tested whether offspring or parents pay the cost of parasitism by 
manipulating the presence of ectoparasites in nests of tree swallows, which can be infested 
with mites (Acari), fleas (Siphonaptera), and blow flies (Diptera, Calliphoridae) (Burtt et al. 
1991; Thomas & Shutler 2001; Dawson 2004). A majority ofhaematophagous ectoparasites 
that are found in nests and on nestling tree swallows in north-central BC are larval blow flies 
belonging to the genera Protocalliphora and Trypocalliphora (Dawson 2004). Life cycles of 
these blow flies are not known in great detail, but female blow flies find active bird nests in 
which to lay their own eggs (Sabrosky et al. 1989). Eggs hatch within 24 hand the larvae 
begin to feed intermittently on the blood of nestlings, mostly burrowing in nesting material 
during the day and crawling up to take blood meals at night. Species within the two genera 
differ in their feeding behaviour. Most Protocalliphora species attach to the skin of their 
hosts, whereas the single species in the genus Trypocalliphora burrows subcutaneously. The 
larvae go through three instars, each of which requires at least one blood meal, and then 
pupate in the nesting material (Sabrosky et al. 1989). Adult blow flies emerge after the 
nestlings have fledged (Hannam 2006). 
To test if offspring pay the costs of blow fly parasitism, I measured size, growth, 
haematocrit, constitutive innate immunity, and survival to fledging of nestling tree swallows 
in non-parasitized nests in comparison with nestlings in control (parasitized) nests. To test if 
parents bear the costs, I investigated whether there were differences in parental feeding rates, 
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and hence parental energy expenditure, between nests where parasites had been removed and 
control (parasitized) nests, as well as compared the amount of mass lost by parents during the 
brood-rearing period. 
3.3 Methods 
3.3.1 Study species, study site, and general field procedures 
Study species, study site, and general field procedures were described in Section 2.3.1. I 
carried out my experiments in the breeding seasons of 2012, 2013, and 2014. Data from nests 
raised by second-year females or those of unknown age were excluded from the final dataset, 
as female age has been found to have effects on reproduction (De Steven 1978; De Steven 
1980; Stutchbury & Robertson 1988). 
I obtained daily ambient temperatures throughout the breeding season from the 
Environment Canada weather station (http://climate.weather.gc.ca), located approximately 
12 km from my field site in 2012 and 2014, approximately 25 km from my field site in 2013. 
3.3.2 Parasite manipulations and offspring performance 
I manipulated the presence of larval Protocalliphora spp. in the nests of tree swallows, and 
compared these experimental nests to control nests. At experimental nests, four days after 
nestlings hatched, I removed nest material from boxes and placed it in a portable generator-
powered microwave oven for 5 min on medium power to remove parasites (O 'Brien & 
Dawson 2008). To avoid moisture loss, experimental nests were placed in a sealed plastic 
bag prior to heating. During the manipulation, nestlings were held in a cloth bag, and 
returned to boxes when nests were replaced. To ensure that natural levels of parasites 
remained in control nests (i.e. , were not lost during handling), I did not remove control nests 
from boxes, although these nests were visited at the same frequency as experimental boxes. 
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Removal of parasites was carried out at experimental nests every two days up to and 
including day 16, after which point I left all nests undisturbed until all young had fledged. To 
quantify blow fly load, I collected the nests after young had fledged and stored them at room 
temperature for 14 days, then baked them at 80 °C for approximately 24 h. I then sifted the 
nest material and removed all blow fly pupae and puparia. Blow fly load per nestling was 
calculated by dividing the number of pupal blow flies found in the material of a nest by the 
number of nestlings in the nest. I calculated growth rate constants for individual nestlings as 
described in Section 2.3.3, and then used individual growth constants to calculate mean 
growth rates for each brood. 
Blood samples for bactericidal assays and determining haematocrit levels (see below) 
were collected in a sterile manner from nestlings at age 12 or 14 days. I swabbed the area 
around the brachia! vein with 70% ethanol, punctured the vein with a sterile 27-gauge needle, 
and collected blood in a 100 µL heparinized capillary tube (Morrison et al. 2009). I sealed 
the capillary tubes with a sterile sealant and stored them on ice while they were transported 
to the lab. Once at the lab, blood samples were spun at 11 ,500 x gin a microcentrifuge for 5 
min, haematocrit was determined using digital calipers (nearest 0.1 mm), and then plasma 
was removed from the capillary tubes using a Hamilton syringe. Plasma was stored in 
microcentrifuge tubes at -80 °C until bactericidal assays were carried out (see below). 
3.3.3 Adult characteristics 
Once offspring were at least two days old, adults were captured in nest boxes using a swing-
door trap. I measured each adult ' s mass to the nearest 0.25 g using a spring scale, length of 
the combined head and bill ("head-bill") to the nearest 0.1 mm using digital calipers, and 
lengths of the wing, ninth primary flight feather, tail, and outer rectrix to the nearest 0.5 mm 
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using a ruler. I used the residuals of linear regressions of mass on length of head-bill and age 
of nestlings when parents were trapped as an index of body condition (Ardia 2005; Schulte-
Hostedde et al. 2005), with analyses performed separately for each sex (males: F2, 141 = 14.77, 
P < 0.0001, R2 = 0.173; females: F2,153 = 40.51, P < 0.0001, R
2 
= 0.346). Age of nestlings 
when parents were trapped was included in the regression to take into account the fact that 
parents often lose mass during the nestling period (Williams 1988; Wardrop & Y denberg 
2003) and not all adults were trapped at the same point in the nestling period. During the 
2012 breeding season, 19 adults were trapped and weighed both at the beginning and the end 
of the brood-rearing period to investigate how parental mass loss differed between 
treatments. 
3.3.4 Feeding observations 
Nestling tree swallows beg audibly when fed by parents, allowing the number of 
provisioning trips to be quantified using audio recordings (Bortolotti et al. 2011). 
Additionally, parents deliver boluses of fairly constant size throughout the brood-rearing 
period (McCarty 2002). In 2012 and 2013, I placed digital recorders in nests up to three 
times when nestlings were 8 - 14 days old. Each recording was approximately 1 hour long, 
and I calculated the number of feeds per hour and then divided by total brood size to obtain 
per capita provisioning rate (feeds/hour/nestling) from each recording. Provisioning rates did 
not vary with the age (P > 0.15; see also Shutler et al. 2006; Bortolotti et al. 2011) and so the 
average provisioning rate from all available recordings was calculated for each nest. All 
feeding observations were recorded between the hours of 0800 and 1800, but time of 
recording was not included in analyses because previous studies have found no pattern of 
provisioning with time of day (McCarty 2002). All provisioning observations were recorded 
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when it was not raining. 
3.3.5 Bactericidal assay 
Plasma from nestlings was used to assess their immune function with a bactericidal assay 
(Morrison et al. 2009; see also Matson et al. 2006 and Millet et al. 2007). I used lyophilized 
Escherichia coli pellets (ATCC #8739) that each contained approximately 5.1 x 107 colony 
forming units (CFU) and reconstituted them as needed in 40 mL of warm phosphate-buffered 
saline (PBS), as per manufacturer' s instructions (Epower Assayed Microorganism 
Preparation; Microbiologies Inc., Saint Cloud, MN), for a stock solution containing 
approximately 1.275 x 106 CFU/mL. Working solutions were made from this stock solution 
by dilution with PBS to a total volume of 10 rnL, with concentrations of E. coli ranging from 
approximately 1.275 x 104 CFU/mL (0.1 mL of stock solution in 9.9 mL PBS) to 1.275 x 105 
(1.0 mL stock solution in 9.0 mL PBS). The night before carrying out an assay, I plated 
control samples (see below) using several working solutions of E. coli in PBS, and allowed 
them to grow overnight. Whichever concentration produced 100 - 150 colonies on an agar 
plate by the next morning was used as the working solution for the next bactericidal assay. 
The E. coli working solutions that I used most commonly had concentrations of 
approximately 3.825 x 104 CFU/mL (0.3 mL stock solution in 9.7 rnL PBS) and 
approximately 1.1475 x 105 CFU/mL (0.9 rnL stock solution in 9.1 rnL PBS). 
To begin a bactericidal assay, I mixed 5 µl of plasma from individual nestlings with 
CO2-independent media and 4 mM L-glutarnine in 1.5 mL tubes, to a final volume of 100 µ1. 
To each diluted plasma sample, I added 20 µl of the pre-determined E. coli working culture. 
The mix of diluted plasma and bacteria (120 µl total) was mixed by inversion, and then 
incubated at 40 °C for 45 min to allow the immunological components in the plasma to attack 
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the bacteria. After incubating the samples, I mixed them by inversion again and pipetted two 
50 µl aliquots of each sample onto two separate tryptic soy agar plates and spread the 
aliquots evenly over the agar surface. Control samples, using only E. coli diluted in CO2-
dependent media and L -glutamine, were plated after every six to eight sample plates. I 
allowed plates to dry before covering and inverting them, and incubating them overnight at 
40 °C in an incubator. The next day, I counted the number of E. coli colonies growing on 
each plate, averaged the two duplicate plates for each nestling, and compared resulting 
values to the control plates directly preceding and following that group of six to eight sample 
plates. The proportion of bacteria killed by immune components in each sample, expressed 
as a percentage, was determined using the formula: 
[1 - (average# of colonies on individual's plates/average# of colonies on control plates)] x 
100 
All steps of this assay were carried out in a laminar flow hood to minimize 
contamination. Assays were conducted using only samples from 2012 and 2014, as storage 
issues prevented reliably determining bactericidal ability of plasma samples collected in 
2013. 
3.3.6 Statistical analyses 
Brood means were used for statistical analyses because the parasite manipulations I 
conducted were carried out at the brood level. Analysis of covariance (ANCOV A) was used 
to determine whether treatment affected mass and size of nestlings at 16 days of age, as well 
as growth rates, bactericidal ability, and haematocrit levels of nestlings, and per capita 
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provisioning rates by parents. Initial models for nestling mass and size at day 16, growth 
rates, and provisioning rates included treatment and year as factors, and female condition, 
male condition, brood size, and standardized hatching date as covariates. Hatching dates 
were standardized by designating the first nest to hatch in each year as being 0. Initial models 
for haematocrit and bactericidal ability included treatment and year as factors, standardized 
sampling date as a covariate for haematocrit only, storage time of plasma as a covariate for 
bactericidal ability only, as well as female condition, male condition, brood size, time of day 
that nestlings were blood-sampled and the temperature the day before nestlings were blood-
sampled as covariates. Standardized sampling date was used instead of standardized hatching 
date in initial models for haematocrit because blood was sampled when nestlings were from 
ages 12 to 14 days, and haematocrit has been found to change with age, even over a few days 
(Dawson & Bortolotti 1997c; Fair et al. 2007). Storage time was used in place of sampling 
date in initial models for bactericidal ability because sampling date and storage time were 
obviously highly correlated for each year (2012: r5 = 0.98, N = 23, P < 0.001; 2014: r5 = 0.98, 
N = 25, P < 0.001), and storage time was more informative than sampling date as a covariate 
for bactericidal ability since plasma samples were stored from 5 months to 2.5 years . I tested 
for equality of slopes for all initial models by including all interactions between fixed factors 
and covariates. 
As most nests in this study fledged at least some offspring, I classified nests 
according to whether they either fledged all nestlings that hatched or had at least one nestling 
die prior to fledging, and used a Fisher' s Exact test to determine if success was affected by 
treatment. 
Parental mass change over the brood-rearing period was analyzed separately by sex 
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using analysis of variance (ANOVA) for males and ANCOVA for females. I only included 
treatment in the model for males because of small sample size (N = 5). The initial model for 
female mass change included treatment as a factor, and standardized hatching date and 
number of days elapsed between captures as covariates. 
For all analyses, variables and interactions that did not approach significance (P > 
0.10) were sequentially removed from models in a backwards stepwise fashion, although 
treatment was always retained in final models. In cases where final models included a 
significant interaction between a covariate and a fixed factor, I conducted further analyses for 
each level of the fixed factor. When significant annual effects were detected, I performed 
multiple comparisons using a Bonferroni-corrected alpha. I considered results significant at 
the 0.05 level. Results between 0.05 and 0.10, although not statistically significant, are 
presented and interpreted because sample sizes were relatively low and such results may still 
have had biological significance. All analyses were conducted using SPSS (IBM Corp. 2011) 
and means are presented± 1 standard error (SE) . 
3.4 Results 
3.4.1 Success of parasite manipulation 
My heating treatment was successful at eliminating larval blow flies , as all heat-treated nests 
were free of Protocalliphora (Fig. 3.1). The number of parasites per nestling in control nests 
varied among years (F2,45 = 16.31 , P < 0.001 ), with nestlings in 2013 and 2014 supporting 
twice as many parasites (2013 : 12.3 ± 1.4 parasites/nestling; 2014: 11. 7 ± 0.9 parasites/ 
nestling) as nestlings in 2012 (5 .7 ± 0.6 parasites/nestling; both Ps < 0.001 ; Fig. 3.1). Also, 
total number of parasites in control nests decreased over the breeding season in 2012 (r = -
0.52, N = 21 , P = 0.02), was unrelated to season in 2013 (r = 0.11, N = 14, P = 0.71), and 
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Figure 3 .1: Number of larval Protocalliphora per offspring in nests of tree swallows, 
depending on whether the nest material had been heat-treated (removal) or not (control) 
throughout the brood-rearing period, 2012 - 2014. Means are presented± 1 standard error. 
Sample sizes (number of nests) are indicated above error bars. 
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increased over the season in 2014 (r = 0.57, N = 13, P = 0.04). Individual nestling parasite 
burden decreased over the breeding season in 2012 (r = -0.51, N = 21, P = 0.02), tended to 
increase over the season in 2013 (r = 0.51, N = 14, P = 0.06), and increased over the season 
in 2014 (r = 0.60, N = 13, P = 0.03). 
3.4.2 Mass and size at day 16 
Mass at day 16 was not influenced by treatment (Table 3.1) but varied annually, with 
nestlings significantly lighter on day 16 in 2012 (20.46 ± 0.15 g) than in 2013 (21.14 ± 0.19 
g) and 2014 (21.38 ± 0.19 g; both Ps < 0.02). Mass at day 16 also was related positively to 
female condition and negatively to brood size. There was also a trend for nestlings that 
hatched earlier in the season to have a higher mass on day 16 than their later-hatching 
counterparts. 
Initial analysis showed that length of ninth primary feather at day 16 was not 
significantly different between treatments (Table 3.1), but varied annually, positively with 
female condition, and tended to vary negatively with male condition. There was, however, 
also a significant interaction between male condition and treatment and a nearly significant 
interaction between female condition and treatment, so further analyses were carried out 
separately by treatment. Among control nests, only year had a significant effect on length of 
ninth primary feather at day 16 (F2,45 = 8.53, P = 0.001; Fig. 3.2), with nestlings in 2014 
having longer ninth primaries than nestlings in 2012 or 2013 (both Ps < 0.01). Neither female 
condition (P = 0.41) nor male condition (P = 0.29) influenced ninth primary length at day 16 
and both were removed from the final model. Among removal nests, length of ninth primary 
feather varied annually (F2,36 = 3.77, P = 0.03), being significantly shorter in 2012 than in 
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Table 3.1: Results from analysis of covariance testing for the effect of ectoparasitic larval blow flies (Protocalliphora and 
Trypocalliphora spp.) on mass, length of ninth primary flight feathers , and length of head-bill of 16-day-old tree swallows. 
Variables Mass (g) Length of ninth primary (mm) Length of head-bill (mm) 
d.f. F p d.f. F p d.f. F p 
Fixed Treatment 1,83 0.89 0.35 1,81 0.35 0.56 1,83 0.32 0.57 
Year 2,83 8.28 < 0.01 2,81 10.56 < 0.0001 2,83 6.84 < 0.01 
Covariate Female condition 1,83 6.54 0.01 1,81 7.73 < 0.01 
Male condition 1,81 2.97 0.09 
Brood size 7.82 0.01 
Hatching date 3.59 0.06 
Interaction Treatment x Female condition 1,81 3.23 0.08 
Treatment x Male condition 1,81 5.30 0.02 1,83 3.94 0.05 
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Figure 3.2: Length of ninth primary flight feathers of 16-day-old tree swallows raised in 
nests containing natural levels of ectoparasitic larval Protocalliphora ( control) or in nests 
heat-treated throughout brood rearing to remove larvae (removal), 2012 - 2014. Means are 
presented± 1 standard error. Sample sizes (number of nests) are indicated above error bars. 
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2014 (P = 0.03; Fig. 3.2), and was positively related to female condition (F 1,36 = 7.64, P = 
0.01) and negatively to male condition (F 1,36 = 6.47, P = 0.02). 
Initial analysis showed that treatment had no effect on length of head-bill at day 16 
(Table 3 .1 ), but that length varied among study years; however, there was also a marginally 
significant interaction between male condition and treatment, so further analyses were 
carried out separately by treatment. Among control nests, there was a suggestion that length 
of the head-bill at day 16 varied by year (F2,44 = 2.72, P = 0.08), and tended to increase when 
male parents were in better condition (F1,44 = 3.21, P = 0.08). Among removal nests, length 
of head-bill varied annually (F2,39 = 4.439, P = 0.02), being larger in 2014 than in 2012 (P = 
0.02) and 2013 (P = 0.07). Male condition was unrelated to length of head-bill in removal 
nests (P = 0.36) and was removed from the final model. 
3.4.3 Growth rates 
Growth rate constants of mass of tree swallow broods in my study averaged 0.59 ± 0.01 
g/day (N = 90, range= 0.45 - 0.74 g/day). Initial analysis showed that parasitized nestlings 
gained mass faster than their non-parasitized counterparts (Table 3.2), but there was also a 
significant interaction between brood size and treatment, and a nearly significant interaction 
between standardized hatching date and year, so further analyses were carried out separately 
by year. In 2012, treatment had no significant effect on growth rate of mass (F1,3 8 = 0.85, P = 
0.36). Neither brood size (P = 0.96) nor standardized hatching date (P = 0.12) influenced 
mass growth and both were removed from the final model. In 2013, there was a trend for 
non-parasitized nestlings to gain mass faster than those with parasites (F 1,23 = 3.84, P = 0.06). 
Neither brood size (P = 0.13) nor standardized hatching date (P = 0.96) influenced mass 
growth and both were removed from the final model. In 2014, parasitized nestlings gained 
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Table 3.2: Results from analysis of covariance testing for the effect of ectoparasitic larval blow flies (Protocalliphora and 
Trypocalliphora spp.) on growth rates of mass, head-bill , and ninth primary flight feathers of nestling tree swallows. 
Variables 
Fixed Treatment 
Year 
Covariate Female condition 
Male condition 
Brood size 
Hatching date 
Interaction Treatment x Brood size 
Year x Hatching date 
Growth of mass 
(g/day) 
d.f. F p 
1,81 4.66 0.03 
1,81 4.48 0.04 
2,81 2.60 0.08 
Growth of ninth primary 
(mm/day) 
d.f. F p 
1,85 0.41 0.52 
2,85 5.38 < 0.01 
1,85 5.10 0.03 
d.f. 
1,80 
2,80 
1,80 
1,80 
1,80 
1,80 
Growth of head-bill 
(mm/day) 
F p 
0.77 0.38 
14.12 < 0.001 
5.74 0.02 
3.89 0.05 
4.17 0.04 
6.65 < 0.01 
53 
mass at a faster rate than non-parasitized nestlings (F 1,21 = 4.65, P = 0.04), but there was also 
a marginally significant interaction between brood size and treatment (F 1,2 1 = 4.31, P = 0.05). 
When data for 2014 were split by treatment, however, growth of mass was not influenced by 
any covariate. The interaction apparently stemmed from the fact that within the control 
treatment group in 2014 there was a non-significant trend for growth rate of mass to decrease 
with increasing brood size, while within the removal group growth rate of mass tended to 
increase with increasing brood size (control: r = -0.39, N = 13, P = 0.19; removal: r = 0.43, N 
= 12,P=0.16). 
Growth rate constants of ninth primary flight feathers of tree swallow broods in my 
study averaged 5.55 ± 0.02 mm/day (N = 90, range= 4.94 - 6.08 mm/day) . There was no 
difference in growth of ninth primary feathers between treatments (Table 3.2) but growth 
varied annually, being slower in 2013 than in 2012 (P = 0.01). As well, nestlings that hatched 
later in the season grew ninth primary feathers at a slower rate than earlier-hatched nestlings 
(Table 3.2; Fig. 3.3). 
Growth rate constants of the head-bills of tree swallow broods in my study averaged 
0.22 ± 0.002 mm/day (N = 90, range = 0.15 - 0.28 mm/day). Initial analysis showed that the 
growth rate of the head-bill did not differ significantly between treatments (Table 3.2), but 
was significantly higher in 2013 than in 2012 or 2014. Nestlings that hatched earlier in the 
season and were raised by females in better condition had faster growth rates of the head-bill, 
and nestlings in smaller broods also tended to grow head-bill faster. A significant interaction 
existed, however, between standardized hatching date and year, so further analyses were 
carried out separately by year. In 2012, treatment had no effect on growth rate of head-bill 
(F 1,3s = 0.03 , P = 0.86) and hatching date, condition of the female parent, and brood size did 
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Figure 3.3: Relationship between growth rates of the ninth primary flight feathers of nestling 
tree swallows and hatching date, 2012 - 2014. Hatching dates were standardized by 
designating the first nest to hatch in each year as being 0. 
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not influence length of head-bill (all Ps > 0.15) and were removed from the final model. In 
2013, treatment also had no effect on growth rate of head-bill (F 1,2 1 = 0.36, P = 0.55), but 
growth was slower with increasing brood size (f 1,2 1 = 5.46, P = 0.03) and in nests that 
hatched later in the season (f 1,21 = 14.79, P < 0.001). Female condition did not have an effect 
on growth of head-bill (P = 0.35) and so was removed from the final model. In 2014, 
treatment had no effect on growth of head-bill (F1,22 = 1.18, P = 0.29), but there was a trend 
for growth to be slower in larger broods (f 1,22 = 3.83, P = 0.06). Neither standardized 
hatching date nor condition of the female parent influenced head-bill growth (P > 0.11) and 
both were removed from the final model. 
3.4.4 Bactericidal ability 
Bactericidal ability, as indexed by the proportion of E. coli bacteria killed by immune 
components in the plasma of nestling tree swallows, averaged 13.37 ± 2.88 % (N = 23, range 
=1.03 - 69.39%) in 2012 and 90.01 ± 2.07 % (N = 25, range= 63.11 - 99.53 %) in 2014. 
Time of day that blood samples were collected (F2,87 = 28.43, P < 0.001), temperature the 
day prior to collection (F2,89 = 4.30, P = 0.02), and storage time in the freezer (F2,87 = 
1651264.76, P < 0.001) were not independent of year. Bactericidal ability was therefore 
analyzed separately by study year. In 2012, treatment had no effect on bactericidal ability of 
nestlings (Table 3.3), but nestlings blood-sampled later in the day had higher bactericidal 
ability than nestlings sampled earlier in the day. 
In 2014, initial analysis showed that parasite-free nestlings had a higher bactericidal 
ability than their parasitized counterparts (Table 3.3), but there was an interaction between 
brood size and treatment, so further analyses were carried out separately by treatment. 
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Table 3.3: Results from analysis of covariance testing for the effect of ectoparasitic larval blow flies (Protocalliphora and 
Trypocalliphora spp.) on the ability of plasma from nestling tree swallows to kill E. coli in two different years. 
Fixed 
Covariate 
Interaction 
Variables 
Treatment 
Time of day of blood sampling 
Brood size 
Treatment x Brood size 
d.f. 
1,20 
1,20 
2012 
F 
0.01 
5.99 
p 
0.94 
0.02 
d.f. 
1,21 
1,21 
2014 
F 
5.89 
5.83 
p 
0.02 
0.03 
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Control nestlings raised in larger broods had a higher bactericidal ability (F 1,11 = 12.00, P = 
0.01), but among removal nests brood size had no significant effect on bactericidal ability 
(F 1,10 = 0.19, P = 0.67). I suspected that the relationship for the control group may have been 
driven largely by one nest where brood size and bactericidal ability were both small, so I 
reanalyzed the data after removing the single brood of four nestlings. This second analysis 
showed that bactericidal ability was not affected by treatment at all (F1,22 = 0.04, P = 0.84), 
nor was it influenced by any covariate (all Ps > 0.22), so the supposed effect of treatment 
was probably driven by that one brood of four nestlings with low bactericidal ability. 
3.4.5 Haematocrit 
Haematocrit values in broods of nestling tree swallows in my study averaged 44.1 ± 0.004 % 
(N = 90, range = 34.5 - 51.4 % ). Testing for independence of covariates and factors showed 
that neither temperature the day before blood sampling nor time of day of sampling was 
independent of year (temperature: F2,89 = 4.30, P = 0.02; time of day: F2.85 = 28.43, P < 
0.001 ). Temperature was higher in 2013 than in 2014 (P = 0.04), and nestlings were blood-
sampled earlier in the day in 2012 than in 2013 or 2014 (Ps < 0.0001). Haematocrit was 
therefore analyzed separately by study year. In 2012, initial analysis showed that nestlings in 
removal nests had significantly higher of haematocrits than their parasitized counterparts 
(Table 3.4; Fig. 3.4), and haematocrit levels were greater when blood was sampled earlier in 
the season and later in the day. There was a significant interaction between standardized 
sampling date and treatment, however, so further analyses were carried out separately by 
treatment. In control nests, nestlings had higher haematocrit levels when they were blood-
sampled earlier in the breeding season (F1,18 = 13.44, P < 0.01) and haematocrits tended to 
increase with time of day (F 1,18 = 3.26, P = 0.09). In removal nests, haematocrit level was not 
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Table 3.4: Results from analysis of covariance testing for the effect of ectoparasitic larval blow flies (Protocalliphora and 
Trypocalliphora spp.) on the haematocrit levels of nestling tree swallows in three different years. 
Variables 
d.f. 
Fixed Treatment 1,35 
Covariate Date of blood sampling 1,35 
Time of day of blood sampling 1,35 
Interaction Treatment x Date of blood sampling 1,35 
Treatment x Female condition 
2012 
F 
6.98 
5.20 
4.62 
10.72 
p 
0.01 
0.03 
0.04 
< 0.01 
d.f. 
1,20 
1,20 
1,20 
2013 
F 
0.04 
8.92 
8.61 
p 
0.84 
0.01 
0.01 
d.f. 
1,22 
1,22 
2014 
F 
0.01 
3.56 
p 
0.91 
0.07 
59 
0.47 - 11 • Removal 19 0 Control · 
f 
14 
0.46 - 0 i ..... 0.45 ·;:: u 
0 ..... 
(ti 
E 0.44 Q) 12 (ti 21 13 I ~ 
0.43 
f 0 
0.42 ~ 
0.41 
2012 2013 2014 
Year 
Figure 3.4: Haematocrit levels of nestling tree swallows raised in nests containing natural 
levels of ectoparasitic larval Protocalliphora (control) or in nests heat-treated throughout 
brood rearing to remove larvae (removal), 2012 - 2014. Means are presented± 1 standard 
error. Sample sizes (number of nests) are indicated above error bars. 
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significantly affected by any covariate (all Ps > 0.28). 
In 2013, initial analysis showed that treatment had no significant effect on 
haematocrit levels (Table 3.4; Fig. 3.4), but haematocrit levels were higher in blood samples 
collected earlier in the season. A significant interaction was found, however, between female 
condition and treatment, so further analyses were carried out separately by treatment. Among 
control nests in 2013, haematocrit was negatively related to female condition (F 1,11 = 7.13, P 
= 0.02) and haematocrit levels were higher in nestlings blood-sampled earlier in the season 
than in nestlings sampled later in the season (F 1,11 = 5.35, P = 0.04). Among removal nests 
haematocrit level was significantly affected by standardized sampling date only (F 1,9 = 5.28, 
P = 0.047), with nestlings blood-sampled earlier in the season having higher haematocrit 
levels than those sampled later in the season. Female condition did not influence haematocrit 
in removal nests (P = 0.25) and was removed from the final model. In 2014, treatment had no 
significant effect on haematocrit levels (Table 3.4; Fig. 3.4), but there was a trend for 
nestlings blood-sampled earlier in the season to have higher haematocrit levels than nestlings 
sampled later in the season. 
3.4.6 Fledging Success 
Only 10 out of the 92 nests included in the dataset from the three study years were not 
completely successful in fledging their nestlings. Treatment had no effect on probability of 
brood reduction (Fisher' s Exact test: P = 0.75). 
3.4. 7 Parental provisioning rates 
Parental feeding rates per capita were marginally higher to broods that were infested with 
parasites than to parasite-free nestlings (F1,56 = 3.57, P = 0.06; Fig. 3.5). Feeding rates per 
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Figure 3.5: Per capita provisioning rates to nestling tree swallows in nests with natural levels 
of ectoparasitic Protocalliphora larvae ( control) or in parasite-free nests (removal), 2012 -
2013 . Means are presented± 1 standard error. Sample sizes (number of nests) are indicated 
above error bars. 
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capita increased as brood size decreased (F 1,56 = 19.17, P < 0.0001; Fig. 3.6) and were higher 
overall in 2012 than in 2013 (Ft ,56 = 6.05, P = 0.02). 
3.4.8 Parental mass change 
Treatment had no significant effect on male mass change over the nestling period (Ft ,3 = 
0.15, P = 0.72), or on female mass change (F 1,12 = 0.01 , P = 0.94). 
3.5 Discussion 
3.5.1 Mass, size, and growth 
Mass, length of ninth primary flight feathers, and structural size (represented by length of the 
head-bill) of nestling tree swallows just before fledging ( 16 days of age), as well as the 
growth of both ninth primary feathers and head-bill, were not directly affected by presence of 
ectoparasitic larval Protocalliphora in my study. This lack of effect of treatment is in 
contrast with studies that have found negative effects of ectoparasites on nestlings, both in 
other bird species (Chapman 1973; Meller 1990; Roby et al. 1992; Meller 1993; Richner et 
al. 1993; Meller et al. 1994; Merino & Potti 1995; Christe et al. 1996a; Saino et al. 1998; 
Tripet et al. 2002; Puchala 2004; O'Brien & Dawson 2008; Wiebe 2009) and in tree 
swallows (Dawson et al. 2011 ; Pigeon et al. 2013; Harriman et al. 2014). My results are 
consistent, however, with some studies that found no effect of ectoparasites on nestling tree 
swallows (Roby et al. 1992; Gentes et al. 2007) and nestlings of other avian species 
(Wittman & Beason 1992; Johnson & Albrecht 1993; Dawson & Bortolotti 1997b; Streby et 
al. 2009). 
Although my treatment had no direct effect on mass, ninth primary feather length, or head-
bill, I found that parasite presence interacted with how ninth primary length was influenced 
by parental physical condition. Ninth primary length of nestlings before fledging was 
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Figure 3.6: Relationship between per capita provisioning rates of parent tree swallows to 
nestlings and brood size, 2012 - 2013 . 
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positively related to physical condition of the female parent and negatively related to 
condition of the male parent, but only in parasite-free nests. The positive relationship 
between primary feather length and female body condition likely stems from females in 
better condition having more energy or reserves of energy to invest in raising their young, in 
the form of provisioning. The negative relationship between length of ninth primary feathers 
and male condition could result from males in better body condition investing more in other 
activities such as seeking extra-pair copulations rather than provisioning young, leading to 
their offspring actually receiving less food than the offspring of males in poorer condition. 
For nestlings that do not have the added energetic strain of being parasitized by larval blow 
flies, receiving more provisioning from a mother in better condition or receiving less food 
from a father in better condition appears to have direct effects on how much energy they 
allocate to feather growth. On the other hand, parasitized nestlings may already be allocating 
the maximum amount of energy to feather growth that they are able to spare after parasite 
feeding, so whether either of their parents provisions more or less food is of little 
consequence. In other words, the effects of parasites confound the direct benefits of 
increased parental provisioning. Alternatively, the relationships between parental condition 
and ninth primary feather length may not be found among parasitized nestlings because these 
nestlings are instead investing energy in replacing lost blood or in immune responses. 
Growth rates of head-bill and ninth primary flight feathers were unaffected by my 
parasite manipulation, but the rate at which nestlings gained mass differed by treatment in 
different study years. Mass growth was unaffected by treatment in 2012, which may have 
been because the number of larval blow flies supported by each nestling was not high enough 
to cause detrimental effects, as opposed to the doubled parasite loads found in 2013 and 
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2014. Another possible reason is that the higher rate of provisioning in 2012 than in 2013 
may have made up for any detrimental effects caused by parasite presence. Provisioning rates 
may also have been lower in 2014, but I did not measure feeding rates in that year. In 2013 , 
growth of mass tended to be slower among parasitized nestlings than parasite-free nestlings, 
which is likely due to parasitized nestlings differentially allocating energy to replace the 
blood lost to parasites, and although parents attempted to increase feeding rates, they may not 
have been able to provision sufficiently to allow nestlings to replace blood without 
compromising rates of growth. In 2014, however, rates of mass gain were faster among 
parasitized nestlings than parasite-free nestlings. This could be explained as compensatory 
growth, with infested nestlings attempting to reach an appropriate size for fledging at a faster 
rate by differentially investing energy in mass gain (Hannam 2006). Differences in parasite 
load cannot explain why the growth strategies of parasitized nestlings differed between 2013 
and 2014, as the number of Protocalliphora larvae that each nestling was infested with was 
not significantly different between the two years, but there could be other environmental 
factors involved. Indeed, both daily mean ambient temperatures and daily minimum 
temperatures from May through the end of July differed significantly among all three study 
years (unpublished results: mean: F 2,260 = 3.36, P = 0.04; minimum: F 2,260 = 6.36, P < 0.01), 
with both daily mean and minimum temperatures being significantly lower in 2013 than in 
2014 (mean: P = 0.03 ; minimum: P = 0.01). Lower temperatures in 2013 could also mean 
that flying insects were not as abundant in that year as they were in 2014, as abundance of 
flying insects is positively related to ambient temperature (McCarty & Winkler 1999; 
Winkler et al. 2013). This suggests that nestlings in 2013 were burdened with higher 
thermoregulatory costs and lower food abundance, which is likely why parasitized nestlings 
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that had to replace blood were unable to allocate extra energy to increasing mass growth. 
Nestlings in 2014, however, facing lower thermoregulatory costs and greater food 
abundance, may have had extra energy relative to nestlings from the previous year and so 
were able to allocate energy to both replacing blood and compensatory growth. 
3.5.2 Bactericidal ability 
Average bactericidal ability of plasma collected in 2012 was 13.4%, whereas the average 
bacteria-killing of plasma from 2014 was 90%; these values extend the range that has been 
reported in other studies of nestling tree swallows (21 - 72%; Morrison et al. 2009; 
Stambaugh et al. 2011; Pigeon et al. 2013). The low values of bactericidal activity found in 
plasma samples I collected in 2012 are likely due to having been stored for nearly 2.5 years, 
as the bacteria-killing ability of plasma has been shown to decrease with longer storage times 
(Liebl & Martin 2009). 
The bactericidal ability of plasma from nestling tree swallows was not influenced by 
whether or not the nestlings were infested by larval blow flies. Although the innate immune 
system - which is mainly what a bactericidal assay challenges - has been shown to be fairly 
heritable in tree swallows (h2 = 0.41, Stambaugh et al. 2011 ), this does not entirely explain 
the lack of effect of larval blow flies on bactericidal ability. Parasitized nestlings in my study 
may have been investing in cell-mediated immune (CMI) response at the expense of their 
bactericidal ability to combat the continual skin damage caused by larval feeding and the 
possibility of bacterial infection through their damaged skin, as the CMI response is activated 
by blood-feeding parasites (Dawson et al. 2005). The CMI response involves both adaptive 
and innate components of the immune system. Bactericidal activity of plasma involves 
mainly the constitutive innate immune system (Matson et al. 2006; Demas et al. 2011), 
67 
although according to a recent study it may also include an antibody component (Forsman et 
al. 2010). If there is a trade-off between the CMI response and bactericidal ability (Clairardin 
et al. 2011), then my findings make sense, especially in relation to a previous study finding 
that parasitized nestling tree swallows have a higher CMI response than non-parasitized 
nestlings (Dawson et al. 2005). Only one study, to my knowledge, has measured both CMI 
response and bactericidal ability of plasma in nestling tree swallows (Pigeon et al. 2013) and 
this study did find a negative correlation between CMI response and bactericidal ability, 
although the relationship was only significant for swallows raised on intensively cultivated 
(lower quality) farmland, in one of their two study years. 
3.5.3 Haematocrit 
The haematocrit levels of nestling tree swallows were affected by treatment in 2012, but not 
2013 or 2014. In 2012, nestlings in naturally-parasitized nests had significantly lower levels 
of haematocrit than their parasite-free counterparts, likely a direct effect of blood loss from 
larval blow flies. Perhaps a direct effect of treatment was only seen in 2012 because nestlings 
in 2013 and 2014 responded to the doubled parasite load by increasing haematopoiesis at a 
rate faster than ectoparasites were capable of removing blood cells (Dawson & Bortolotti 
1997a), whereas nestlings in 2012 were not energetically stressed enough for such a response 
to occur. Also, haematocrit is often lower at warmer ambient temperatures, due to 
dehydration (Ardia 2013), and ambient temperatures were warmer in 2014 than in 2013 (see 
above), which may explain why overall haematocrit levels were less in 2014 than in 2013. 
Alternatively, the significant results found in 2012 may be an artefact of sampling time, as 
blood was sampled earlier in the day in 2012 than it was in 2013 or 2014. Larval blow flies 
feed mostly at night (Sabrosky et al. 1989), so nestlings sampled earlier in the day may not 
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have had enough time to replace the blood lost to larval feeding, whereas those nestlings 
blood-sampled later in the day may have replaced their lost blood. 
It is likely that parasitized nestlings that are anaemic have a lower oxygen-carrying 
capacity, which may result in fledglings having trouble finding food and being more 
vulnerable to predation in their first few days after leaving the nest due to lowered flight 
ability and endurance (O'Brien et al. 2001; Simon et al. 2004). Previous studies have found 
that nestlings infested with various nest ectoparasites had lower haematocrit values than non-
infested nestlings (Chapman 1973; Whitworth & Bennett 1992; Richner et al. 1993; Simon et 
al. 2004), although others have found no effect of parasites on haematocrit (Johnson & 
Albrecht 1993: Dawson & Bortolotti 1997b). Whitworth (1976) measured both haematocrit 
and haemoglobin and found no influence of blow flies on either measure in American 
kestrels (Falco sparverius) and yellow-headed blackbirds (Xanthocephalus xanthocephalus), 
whereas parasitized magpies (Pica pica) had lower haematocrit levels and parasitized 
nestling bank swallows (Riparia riparia) had lower haemoglobin levels. A more recent study 
on heavily parasitized nestling house wrens also measured both haematocrit and 
haemoglobin levels and while no reduction was found in the haematocrit of parasitized 
nestlings, blow flies were associated with a significant reduction in haemoglobin levels 
(O'Brien et al. 2001). Parasitized nestling tree swallows in 2013 and 2014 may have had 
normal haematocrit levels due to an increase in haematopoiesis, but may have still been 
functionally anaemic since rapid haematopoiesis fills the bloodstream with a high amount of 
reticulocytes - immature red blood cells - that contain little haemoglobin (O'Brien et al. 
2001). In this way parasitized nestlings may have had normal packed red blood cell volume, 
but lower levels of actual haemoglobin, and hence a lower oxygen-carrying capacity. This, 
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along with the fact that it can be affected by many different factors, is why haematocrit has 
been criticized as not being a robust indicator of nutritional status or condition (Dawson & 
Bortolotti 1997c; O' Brien et al. 2001 ; Fair et al. 2007 and references therein). Haematocrit is 
a fairly reliable indicator of water balance (Ardia 2013), but using it as an indicator of 
oxygen-carrying capacity should be done with caution. 
3.5.4 Fledging success 
The presence of parasites in a nest had no effect on whether or not all nestlings would 
successfully fledge. This was not an unexpected result, considering I observed that the 
presence of parasites had few effects on mass, size, growth rates, bactericidal ability, or 
haematocrit of nestlings. Although some studies observed higher nestling mortality in 
ectoparasitized nests (Chapman 1973; M01ler 1990; Richner et al. 1993), my results are 
similar to the majority of other studies that reported that, even with high levels of parasitism, 
nestlings will still fledge (Wittman & Beason 1992; Johnson & Albrecht 1993; Dawson & 
Bortolotti 1997b; Shutler et al. 2004; Hannam 2006). This may be because parasite levels 
were not high enough to cause mortality, or because parents compensated by increasing their 
provisioning rates to nestlings. Simply fledging, however, does not guarantee survival. A 
study on ovenbirds (Seiurus aurocapilla) that had been infested with T. braueri larvae 
determined that although infestation had not affected physical condition or survival to 
fledging, it did significantly decrease how much fledglings moved around in a day and 
increased mortality during their first few days out of the nest (Streby et al. 2009). This 
suggests that although young tree swallows that were parasitized in the nest are surviving to 
fledge, they may be suffering from higher mortality rates within their first few days post-
fledging. 
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3.5.5 Parental provisioning rates 
The per capita provisioning rate of parent tree swallows to their young differed slightly 
between treatments, with parents of parasitized nestlings provisioning at marginally higher 
rates than parents of parasite-free nestlings. My findings are similar to those of another study 
of tree swallows which reported that parasite presence also appeared to cause a marginal 
increase in parental food delivery (Thomas & Shutler 2001). These results, in conjunction 
with the previously mentioned lack of parasite effects on nestlings, suggest that parent tree 
swallows are compensating for negative effects that nest parasites may have on their young 
by providing more food. In contrast, some studies in other species have determined that 
parents of parasitized nestlings decrease their rates of provisioning to nestlings (M0ller 1994; 
M0ller et al. 1994 ), a result that was interpreted as parents reducing their investment in 
current parasitized offspring in order to save energy for future young that may not be 
parasitized, thereby increasing the parents ' reproductive fitness . Some studies have reported 
that only one parent will increase food provisioning and the other will not (Christe et al. 
1996a; Christe et al. 1996b; Tripet et al. 2002), and still other studies have observed no 
difference in provisioning rates to parasitized and non-parasitized nestlings (Rogers et al. 
1991; M0ller 1994; Saino et al. 1998; O'Brien & Dawson 2008; Wiebe 2009). Based on a 
study which reported that female great tits in flea-infested nests reduced their sleep time and 
increased their rate of nest sanitation (Christe et al. 1996b ), it is possible that not only are 
parent tree swallows increasing their feeding rates to parasitized young, but they also may be 
increasing their nest sanitation behaviour. Studies investigating the nest sanitation behaviour 
of tree swallows in relation to parasite infestation would be necessary to support or refute 
this idea. 
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3.5.6 Parental mass change 
Treatment had no significant effect on the mass change of parent tree swallows of either sex 
over the brooding period. Intuitively, I would have expected greater rates of food 
provisioning, and hence foraging, to lead to greater mass loss as parents expended greater 
amounts of energy and likely had less time to forage for themselves. It is quite possible I 
found no effect because of my small sample sizes, especially for males, which lowered the 
power of my statistical analyses. Alternatively, the marginal increase in feeding rate due to 
the presence of parasites may not have been energetically stressful enough to cause a 
difference in the mass loss of parents. 
3.5. 7 Conclusions 
I found no significant effects of Protocalliphora larvae parasitizing nestling tree swallows, 
besides slight anaemia in one year and opposing differences in mass gain in two out of three 
years. Overall, parasitized nestlings reached the same mass and size, grew at similar rates, 
and had the same bactericidal ability, haematocrit levels, and chance of fledging as nestlings 
that were not infested with larval blow flies. Any deleterious effects of parasitism may have 
been compensated for by parents, as the parents of parasitized nestlings appeared to increase 
their reproductive expenditure by feeding their young at marginally higher rates than the 
parents of parasite-free nestlings. 
It is possible that parasites are not imposing a big enough energetic burden on 
nestlings in my study area to have observable effects (Hannam 2006). Because high food 
delivery rates appear to dampen the impact of ectoparasites on nestlings, ectoparasites could 
be expected to have their greatest effect under conditions of reduced food abundance 
(Thomas et al. 2007). A study similar to mine but carried out over many more years could 
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possibly show this. I also may have found parasite effects if I had been able to quantify sex 
of nestlings, as larval blow flies have been found to extract larger blood meals from female 
than male nestling mountain bluebirds (Sialia currucoides), and more parasites have been 
found in broods containing more female young (O'Brien & Dawson 2013). Unfortunately 
determining the sex of nestlings was outside the scope of my study, but would be a useful 
inclusion in future studies on parasite burden. In conclusion, my results suggest that in the 
tree swallow-larval blow fly host-parasite system it is the parents of nestlings, rather than the 
nestlings themselves, who bear the brunt of the parasite load. 
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4. SHEDDING LIGHT ON NESTLING MOUTHS AND FLANGES: 
DOES GAPE COLOURATION AFFECT PARENTAL FOOD 
ALLOCATION? 
4.1 Abstract 
The gapes of nestling passerines are often reddish-orange and their flanges are often yellow-
white, and both structures have been found to reflect highly in the ultraviolet range. There 
are two main hypotheses for the function of gape colouration of nestling passerines: 1) gape 
colouration presents a visually conspicuous target for parental feeding, especially in dark 
nests, and 2) gape colour is a reliable signal of nestling need or condition. I investigated the 
relationship between gape and flange colouration, within the spectrum visible to diurnal 
birds, and parental food allocation to better understand their function in nestling tree 
swallows (Tachycineta bicolor). I manipulated either ultraviolet reflectance of flanges or 
gape redness for short periods of time at two different ages, and then compared how parents 
allocated food to experimental and control nestlings. I also compared size and growth 
between nestlings with experimentally blackened flanges and nestlings with naturally-
coloured flanges. Parent tree swallows did not preferentially feed nestlings with redder 
gapes, but did feed nestlings with flanges that reflect in the ultraviolet more than nestlings 
with non-ultraviolet-reflective flanges, although only when nestlings were older. Parents also 
appeared to feed nestlings with blackened flanges less, as evidenced by smaller length of the 
combined head and bill at 16 days of age, reduced rate of growth of mass, and increased 
vulnerability to sibling competition shown by a negative effect of brood size only among 
nestlings with blackened flanges . Overall, my results support the detectability hypothesis, but 
do not clearly refute the need-signalling hypothesis. 
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4.2 Introduction 
Gapes (mouths) of nestling passerines are often reddish-orange and their flanges (a fleshy 
border edging the bill) are often yellow-white; the colour of both of these structures can vary 
substantially among individual young within a nest (Wetherbee 1961; Ficken 1965; Clark 
1969; Kilner 1997). Initially, it was thought that the function of the gape colouration of 
nestling passerines was to present a visually conspicuous target for parental feeding, 
especially in dark nests (Pycraft 1907; Swynnerton 1916). Many of the reds, oranges and 
yellows seen in animals, such as feathers, skin, and eyes of birds, are due to carotenoid 
pigments (Goodwin 1984). Animals cannot produce these pigments, and so they are 
ultimately derived from the diet (Brush 1978). Carotenoids also have many biological 
functions, including roles in the immune system and as antioxidants for detoxifying free 
radicals (Bendich 1989; Olson & Owens 1998). Carotenoids were believed to be involved in 
colouring the gapes and flanges of nestlings for years based on studies wherein dietary 
supplementation of carotenoids would cause a change in gape or flange colouration (Ewen et 
al. 2008; Thorogood et al. 2008). Dugas and McGraw (2011) finally confirmed that 
carotenoids are, in fact, present in nestling flanges by extracting the carotenoids lutein and 
zeaxanthin from the flange tissue of nestling house sparrows (Passer domesticus) . The fact 
that carotenoids are involved both in colouring the gape and in the immune system has led to 
the hypothesis that gape colour may be a reliable signal of nestling need or condition (Kilner 
1997; Saino et al. 2000). Supporting this hypothesis is the finding that parent barn swallows 
(Hirundo rustica) preferentially feed nestlings with redder gapes, and nestlings which have 
been challenged with a novel antigen have gapes that are less intensely red than those of 
control siblings (Saino et al. 2000). This suggests that young with redder gapes are in better 
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health and parents preferentially feed such nestlings. In European robins (Erithacus 
rubecula), dunnocks (Prune/la modularis), and reed warblers (Acrocephalus scirpaceus), 
however, nestlings with redder gapes were not allocated more food by their parents (Noble et 
al. 1999), suggesting that in these species parents feed all young equally, regardless of 
condition. 
To add additional complexity to the possible link between gape colouration and 
nestling quality, it has been found that the mouths and flanges of nestlings in many species of 
birds reflect not only in the range of the light spectrum visible to humans, but also highly in 
the ultraviolet (UV) range (Hunt et al. 2003). As most birds are able to see UV wavelengths 
(Burkhardt 1989; Bennett et al. 1994 ), and other integumentary structures coloured by 
carotenoids, such as the ceres of raptors (Mougeot & Arroyo 2006), have been shown to 
reflect in the UV, the UV reflectance of the mouths and flanges also could potentially signal 
nestling quality, similar to gape hue or saturation in the human-visible spectrum. For 
example, parent barn swallows fed nestlings with a higher UV reflectance more, although 
there was no evidence that UV reflectance was related to nestling quality (de Ayala et al. 
2007). Similarly, no association between UV reflectance of the gape and nestling condition 
was found in house sparrows; however, the intensity of the yellow colouration of the gapes 
of nestlings was positively related to their mass and concentrations of carotenoids in the 
blood (Dugas & McGraw 2011). The lack of association between UV gape reflectance and 
nestling quality gives support to the hypothesis that gape colour is simply to provide a target 
for parental food delivery. The UV reflectance of flanges, especially, would be useful in this 
aspect for cavity-nesting birds, as UV reflectance would likely stand out in dark nest 
environments because the nest background typically reflects little UV light (Hunt et al. 
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2003). 
I investigated the relationship between gape and flange colouration, within the 
spectrum visible to diurnal birds, and parental food allocation to better understand their 
function in nestling tree swallows (Tachycineta bicolor). I manipulated reflectance by 
blocking UV in some individuals and then compared how parents allocated food to UV-
blocked nestlings and their UV-reflecting siblings. I also compared parental food allocation 
between nestlings whose mouth redness I experimentally enhanced versus those with 
naturally-coloured mouths, as well as compared size and growth between nestlings with 
experimentally blackened flanges and nestlings with naturally-coloured flanges. 
4.3 Methods 
4.3.1 Study species, study site, and general field procedures 
Study species and general field procedures were described in Section 2.3.1. The field site that 
I used for this study was located 20 km west of Prince George, BC (53° N 123° W), and 
consisted of mainly open farmland, interspersed with some stands of both deciduous and 
coniferous trees. Nest boxes were mounted on fence posts and spaced - 30 m apart. My 
experiments were conducted during the breeding season of 2013, and additional data on the 
reflectance of flanges of nestlings were collected in 2014. 
I obtained hourly ambient temperatures and wind speeds from the Environment 
Canada weather station (http://climate.weather.gc.ca) located approximately 35 km from my 
field site. As weather data were recorded every hour, I took the mean temperature or wind 
speed recorded for the hours during which a trial occurred to determine temperature and 
wind speed during each trial period. For example, if a trial began at 0938 hand ended at 
1146 h, I used the averages of the temperatures and wind speeds recorded at 0900, 1000, and 
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1100 h. 
4.3.2 Ultra-violet reflectance manipulation 
There are several measures that can be used to describe a colour: hue, brightness, and 
saturation. Hue is simply the common meaning of the word "colour" (Endler 1990), but can 
be more specifically defined as the wavelength at which there is the greatest light reflectance 
from the surface of an object (Montgomerie 2006). Brightness is a measure of the amount of 
light, or total light intensity, which is reflected by a surface in comparison to a white standard 
(Endler 1990; Montgomerie 2006). Saturation, or chroma, represents the purity of a colour 
(Endler 1990; Montgomerie 2006). 
The flanges of nestling tree swallows are a pale yellow-white and possess a peak in 
the UV range (see Appendix 2) . I experimentally manipulated the reflectance of nestlings ' 
flanges to investigate the relationship between UV reflectance of flanges and parental food 
allocation. When experimental nestlings were six days old, they were sequentially removed 
from the nest and held until they defecated, and then mass was measured to the nearest 0.01 
g using an electronic balance. I used a cotton swab to apply L' Oreal Ombrelle SPF 30 
Transparent Lip Balm to the flanges of half the nestlings in each nest. This technique 
effectively reduces light reflectance in the UV wavelengths (Dawson, unpubl. data). Blistex 
Simple and Sensitive, an unscented transparent lip balm that does not contain UV blockers, 
was similarly applied to the other half of the brood as a control. To allocate individuals to a 
particular treatment, I flipped a coin to determine which treatment the largest nestling in the 
nest would receive. After that, I alternated the treatment throughout the remaining nestlings 
according to their position in the mass hierarchy within that nest. In the next nest to be 
treated, the largest nestling received the opposite treatment of that given to the largest 
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nestling in the previous nest. I replaced young in their nest in a haphazard fashion so that not 
all nestlings with the same treatment were closest to the parents for feeding. After treatment, 
I left nests alone for two hours to allow parents to feed their young. I then revisited each nest, 
removed each nestling from the nest and held it until it defecated into a pre-weighed 
microfuge tube. Each nestling, as well as tubes containing feces, were weighed separately to 
the nearest 0.01 g. To determine whether experimental or control nestlings had more food 
allocated to them by parents, I subtracted each nestling' s initial mass (mb) from the total 
mass of the nestling after the experiment (ma) and its feces (mr) [(ma+ mr)- mb]. When 
nestlings were 12 days old, I repeated the manipulation and feeding trial. Nestlings that had 
been controls on day 6 were allocated to the UV-blocking manipulation on day 12 and vice 
versa. 
4.3.3 Gape redness manipulation 
The gapes of nestling tree swallows are usually yellow-orange in colour. I manipulated the 
redness of nestlings ' gapes to investigate the relationship between gape colouration of 
nestlings and parental food allocation. Nestlings were removed from nests at 6 days old, 
allowed to defecate, and weighed as describe above. I then applied a carmine-based mixture 
to the mouths of half of the nestlings within each brood. The mixture consisted of 0.15 g of 
powdered carmine, a natural red dye found in scale insects such as cochineal (Dactylopius 
coccus), 2 mL of vinegar, 2 mL of water, and sufficient com starch to achieve a paint-like 
consistency. The gapes of control nestlings were painted with plain tap water. Nestlings were 
allocated to treatment and control groups, and feeding trials were conducted as described in 
Section 4.3 .2. When nestlings were 12 days old, I repeated the manipulation and feeding 
trial, assigning nestlings that had been controls on day 6 to the gape reddening manipulation 
79 
and vice versa. 
4.3.4 Flange colour blocking manipulation 
To investigate the relationship between overall flange colouration and parental food 
allocation, I blocked the colour of half the nestlings ' flanges in nests by blackening them 
using a black Sharpie marker beginning when they were 4 days old, while the flanges of 
control nestlings were not manipulated. I allocated nestlings within broods to treatment or 
control groups using the same procedures as in Section 4.3.2. Subsequently, when nestlings 
were measured (see Section 2.3.1) every two days until day 16, I recoloured the flanges of 
treatment nestlings as the marker had worn off slightly over the two days between 
measurements. I then compared mass and size before fledging and rates of growth (see 
Section 2.3.3 for calculation) between nestlings with blackened flanges and control nestlings. 
4.3.5 Adult condition index 
Once offspring were at least two days old, adults were captured in nest boxes and measured 
as described in Section 2.3.1. As an index of parental body condition, I used the residuals 
from linear regressions of mass on length of the head and bill ("head-bill") and age of 
nestlings when parents were trapped (Ardia 2005 ; Schulte-Hostedde et al. 2005), with 
analyses performed separately for each sex (males: F2,46 = 5.92, P < 0.01 , R
2 
= 0.21; females : 
F2,49 = 11.49, P < 0.0001 , R2 = 0.32). Age of nestlings when parents were trapped was 
included in the regression to take into account the fact that parents often lose mass during the 
nestling period (Williams 1988; Wardrop & Ydenberg 2003) and not all adults were trapped 
at the same point in the nestling period. 
4.3.6 Statistical analyses 
Random intercept linear mixed modeling (LMM) was used to determine if mass change 
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during feeding trials at 6 and 12 days old differed between nestlings with reddened gapes and 
control nestlings, and between nestlings with flanges that were manipulated to reduce 
reflection in the UV part of the spectrum and control nestlings. All initial models included 
individual treatment as a fixed factor, brood identity as a random factor, and date of the 
feeding trial (where 1 = 1 January), length of trial in minutes, temperature during the trial 
period, wind speed during the trial period, brood size, and female condition as covariates. I 
tested for equality of slopes for all initial models by including all interactions between fixed 
factors and covariates. 
Random intercept LMM was also used to determine if having blackened flanges 
affected mass and size of nestlings at 16 days of age, as well as growth rates. All initial 
models included individual treatment as a fixed factor, brood identity as a random factor, 
brood size, hatching date, female condition, male condition, and the number of ectoparasitic 
larval blow flies (Protocalliphora spp.) per nestling as covariates. I tested for equality of 
slopes for each initial model by including all interactions between fixed factors and 
covariates. Blow fly load per nestling was determined as described in Section 3.3.2. 
For all analyses, variables and interactions that did not approach significance (P > 
0.1) were sequentially removed from models in a backwards stepwise fashion, although 
treatment was always retained in final models. In cases where final models included a 
significant interaction between a covariate and a fixed factor, I conducted further analyses for 
each level of the fixed factor. I considered results significant at the 0.05 level. Results 
between 0.05 and 0.10, although not statistically significant, are presented and interpreted 
because sample sizes were relatively low and these results may still have had biological 
significance. All analyses were conducted using SPSS (IBM Corp. 2011) and means are 
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presented± 1 standard error (SE). 
4.4 Results 
4.4.1 Ultra-violet reflectance feeding trial 
Despite the finding that there was individual variation in brightness and UV chroma of 
flanges (see Appendix 2), my UV-reflectance manipulation of flanges had no effect on how 
much a 6-day-old nestling' s mass changed during the feeding trial (Table 4.1 ). Nestlings 
gained more mass during trials conducted when ambient temperatures were cooler and wind 
speeds were higher. Ambient temperatures during day 6 trials averaged 22.8 ± 1.56 cc (N = 
9, range= 15.7 - 30.9 cc) and wind speeds averaged 8.7 ± 1.61 km/h (N = 9, range= 3.3 -
20.0 km/h). Nestlings also tended to gain more mass during longer trial periods and during 
trials conducted earlier in the season. 
Initial analysis of manipulation of UV reflectance of the flanges of 12-day-old 
nestlings showed that nestlings with non-UV-reflecting flanges tended to gain less mass than 
their control siblings (Table 4.1; Fig. 4.1 ). There was also a marginally significant interaction 
between treatment and the date on which the feeding trial occurred, so data were analyzed 
separately by treatment. Among control nestlings, mass change was not related to trial date 
(F1,6.09 < 0.0001, P = 1.00), but UV-blocked nestlings tended to gain more mass during trials 
conducted earlier in the season (F 1,7.49 = 4.26, P = 0.08). Ambient temperatures during day 12 
trials averaged 21. 7 ± 1.31 cc (N = 8, range = 15. 7 - 26. 7 cc) and wind speeds averaged 9.1 
± 1.03 km/h (N = 8, range= 5.5 - 13 .7 km/h). 
4.4.2 Gape redness feeding trial 
Experimentally reddening the gapes of nestlings had no effect on how much mass they 
gained during the feeding trial at 6 days old (f 1,37.69 = 0.03 , P = 0.86) and 12 days old 
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Table 4.1: Results from two linear mixed models testing for the effect of manipulating the ultraviolet reflectance of the flanges of 
nestling tree swallows on mass change during approximately 2-hour-long feeding trials when nestlings were 6 days of age and 12 days 
of age. 
Variables 
Fixed Treatment 
Covariate Temperature during trial (0 C) 
Wind speed during trial (km/h) 
Length of trial period (min) 
Date of trial 
Interaction Treatment x Date of trial 
d.f. 
1,41.02 
1,3.72 
1,3.79 
1,3.47 
1,3.52 
Day 6 
F 
0.30 
13.37 
10.48 
7.04 
5.51 
p d.f. 
0.58 1,34.71 
0.03 
0.03 
0.07 
0.09 
1,34.70 
Day 12 
F 
3.26 
3.38 
p 
0.08 
0.07 
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Figure 4.1: Mass change of 12-day-old nestling tree swallows with naturally coloured flanges 
( control) and flanges manipulated to have lower reflectance in the ultraviolet range (UV-
blocked) during approximately two-hour feeding trials. Means are presented ± 1 standard 
error. Sample sizes (number of nestlings) are indicated above error bars. 
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(F 1,35.47 = 1.33, P = 0.26). At both ages, however, nestlings gained more mass when the 
temperature during the trial period was cooler (day 6: F1 ,6.41 = 7.58, P = 0.03; day 12: F1,s.9s = 
10.45, P = 0.02). Ambient temperatures averaged 22.4 ± 1.53 °C (N = 9, range= 15.7 -31.1 
0 C) during day 6 trials and 23 .3 ± 0.99 °C (N = 9, range= 17.8 - 27.2 °C) during day 12 
trials. Wind speeds averaged 8.7 ± 0.66 km/h (N = 9, range= 5.3 - 11.0 km/h) during day 6 
trials and 7.0 ± 0.81 km/h (N = 9, range= 4.7 - 11.7 km/h) during day 12 trials. 
4.4.3 Flange colouration effects on size and growth 
Initial analysis showed that the mass that nestlings attained by 16 days of age was not 
affected by whether or not I had coloured their flanges black (Table 4 .2), whereas female 
condition and the number of larval blow flies per nestling had significant positive effects on 
mass at 16 days of age. Additionally, there also was a significant interaction between female 
condition and treatment (F1,35 = 6.12, P = 0.02). I suspected that the relationship between 
blow flies and day 16 mass was driven by one influential nest, where level of infestation by 
larval blow flies was high and nestlings were also heavy. Removing data from this nest 
resulted in blow fly load being nonsignificant (P = 0.13) and removed from the final model; 
however, the significant interaction between treatment and female condition remained 
(F1,24.51 = 6.59, P = 0.02). Carrying out further analyses separately by treatment showed that 
the mass of control nestlings on day 16 was not related to female condition (F 1,5.81 = 2.20, P 
= 0.19), whereas the mass of nestlings with blackened flanges on day 16 was positively 
related to female condition (F1 ,14 = 37.74, P < 0.0001). 
Length of the head-bill at 16 days of age was marginally affected by flange treatment 
(Table 4.2 ; Fig. 4.2), with control nestlings tending to attain longer head-bills than their 
flange-blackened counterparts. On the other hand, my flange blackening manipulation had no 
85 
Table 4.2 : Results from linear mixed models testing for the effect of blackening the flanges of nestling tree swallows on mass, length 
of head-bill, and length of ninth primary flight feathers reached by 16 days of age. 
Variables 
d.f. 
Fixed Treatment 1,35 
Covariate Hatching date 
Female condition 1,35 
Number of larval blow flies per nestling 1,35 
Interaction Treatment x Female condition 1,35 
Mass (g) 
F 
2.85 
43 .64 
58.85 
6.12 
p 
0.10 
< 0.0001 
< 0.0001 
0.02 
Length of head-bill (mm) Length of ninth primary (mm) 
d.f. F p d.f. F p 
1,33.39 3.15 0.09 1,36 0.39 0.54 
1,36 2.97 0.09 
1,36 6.60 0.01 
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Figure 4.2: Length of head-bill of nestling tree swallows with naturally coloured flanges 
(control) or artificially blackened flanges (blackened). Means are presented± 1 standard 
error. Sample sizes (number of nestlings) are indicated above error bars. 
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effect on the length of ninth primary flight feathers of 16-day-old nestlings (Table 4.2), but 
primaries were shorter when nestlings had higher loads of larval blow flies and tended to be 
shorter when nestlings hatched later in the season. I also suspected that the relationship 
between blow flies and ninth primary length was driven by the influential nest with a high 
level of infestation by larval blow flies and heavy nestlings mentioned above. Removing data 
from this nest resulted in treatment still having no effect on ninth primary feather length on 
day 16 (F1,29 = 0.50, P = 0.48); however, nestlings raised by females in better physical 
condition had longer ninth primary feathers (F 1,29 = 4.90, P = 0.04). Neither blow fly load nor 
hatching date had significant effects on ninth primary length (both Ps > 0.33) and both were 
removed from the final model. 
Growth of mass was marginally affected by flange blackness (Table 4.3; Fig. 4.3), 
with control nestlings tending to gain mass at a faster rate than their siblings with black-
coloured flanges . Nestlings also grew more slowly when they hatched later in the year. 
Initial analysis showed that growth of head-bill was significantly affected by my 
flange colour manipulation (Table 4.3), negatively related to hatching date, brood size, and 
the number of larval blow flies per nestling, and positively related to male condition. There 
was, however, a significant interaction between treatment and hatching date and a marginally 
significant interaction between treatment and male condition, so I analyzed data by 
treatment. Among control nestlings, growth of head-bill was not significantly related to 
hatching date, brood size, male condition, or number oflarval blow flies per nestling (all Ps 
> 0.13). Among blackened nestlings, growth of head-bill was negatively related to hatching 
date (F1 ,1s = 21.54, P < 0.001), brood size (F1 ,15 = 10.59, P < 0.01), male condition (F1,15 = 
11.41 , P < 0.01), and number of larval blow flies (F1,15 = 5.04, P = 0.04) . I suspected that the 
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Table 4.3 : Results from linear mixed models testing for the effect of blackening the flanges of nestling tree swallows on growth rates 
of mass, head-bill, and ninth primary flight feathers. 
Variables 
Fixed Treatment 
Covariate Brood size 
Hatching date 
Male condition 
Number of larval blow flies per nestling 
Interaction Treatment x Brood size 
Treatment x Hatching date 
Treatment x Male condition 
Growth of mass 
(g/day) 
d.f. F p 
1,37 3.16 0.08 
1,37 7.94 < 0.01 
Growth of head-bill Growth of ninth primary 
(mm/day) 
d.f. F p 
1,32 10.16 < 0.01 
1,32 30.10 < 0.0001 
1,32 31.77 < 0.0001 
1,32 16.57 < 0.001 
1,32 20.43 < 0.0001 
1,32 10.08 < 0.01 
1,32 3.91 0.06 
d.f. 
1,36 
1,36 
1,36 
(mm/day) 
F 
3.00 
6.12 
3.37 
p 
0.09 
0.02 
0.08 
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Figure 4.3: Rate of growth of mass for nestling tree swallows with naturally coloured flanges 
( control) or artificially blackened flanges (blackened). Means are presented ± 1 standard 
error. Sample sizes (number of nestlings) are indicated above error bars. 
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relationship between blow flies and growth of the head-bill was driven by the influential nest 
with a high level of infestation by larval blow flies and heavy nestlings mentioned above. 
Removing data from this nest resulted in the same two interactions, between treatment and 
hatching date (F1,25 = 10.52, P < 0.01) and between treatment and male condition (F1,2s = 
5.15, P = 0.03), as well as a negative effect of hatching date (F1,25 = 21.85, P < 0.0001) and 
positive effects of brood size (F1,25 = 28.82, P < 0.0001) and male condition (F1 ,2s = 11.56, P 
< 0.01) on head-bill growth. Larval blow fly load did not have a significant effect on growth 
of the head-bill (F1,23 = 0.04, P = 0.84) and was removed from the model before analyzing 
separately by treatment. Control nestlings had faster growth of their head-bills when they 
were raised in larger broods (F 1,4.17 =8.14, P = 0.04), and hatching date and male condition 
had no effect (both Ps > 0.26). Nestlings with blackened flanges, however, grew their head-
bill faster when they were raised in smaller broods (F1,12 = 11.50, P < 0.01), when they 
hatched earlier in the season (F1,12 = 19.28, P < 0.001), and when they were raised by males 
in poorer physical condition (F1,12 = 11.08, P < 0.01). 
Initial analysis showed that control nestlings grew ninth primary feathers at a 
marginally faster rate than their flange-blackened counterparts (Table 4.3) and nestlings in 
larger broods grew ninth primaries at significantly slower rates than those in smaller broods. 
There was, however, a marginally significant interaction between treatment and brood size, 
so further analyses were carried out separately by treatment. Among control nestlings, brood 
size had no significant effect on the growth of ninth primary feathers (F 1,4 .74 = 0.18, P = 
0.69), whereas nestlings with blackened flanges grew their ninth primaries faster when they 
were raised in smaller broods (F1,1 8 = 10.28, P < 0.01) . 
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4.5 Discussion 
4.5.1 Mass gain in relation to ultra-violet reflectance of flanges and gape redness 
The results of my flange reflectance and gape redness manipulations show that when nestling 
tree swallows were 6 days old, neither flange UV reflectance nor gape redness had a 
significant effect on parental food allocation within the brood. By the time nestlings were 12 
days old, however, those with flanges that had been blocked from reflecting in the UV were 
fed marginally less by their parents than their siblings with UV-reflecting flanges; gape 
redness still had no effect on parental feeding. Some studies have observed no effect of either 
UV reflectance of flanges (Wiebe & Slagsvold 2009) or gape redness (Noble et al. 1999) on 
parental provisioning preferences, whereas others have shown a positive effect of both UV 
reflectance or carotenoid-rich appearance of flanges (Jourdie et al. 2004; de Ayala et al. 
2007; Loiseau et al. 2008; Dugas 2009; Tanaka et al. 201 l;Wiebe & Slagsvold 2012) and 
reddened gapes ( Gotmark & Ahlstrom 1997; Kilner 1997; Saino et al. 2000) on parental 
feeding of offspring. Still other studies have reported that red mouth colouring decreases 
nestling provisioning from parents (Reeb et al. 2003; Wegrzyn 2013 ), possibly because red 
gapes are less detectible to parents in low lighting than yellow gapes (Reeb et al. 2003). 
My results showing that the effect of UV reflectance of flanges was only apparent in 
12-day-old nestlings and not in 6-day-old nestlings are at first somewhat puzzling in light of 
the spectrometry measures I obtained from flanges (see Appendix 2), which showed that the 
peak in UV reflectance of 12-day-old nestlings ' flanges was, on average, roughly two-thirds 
that of 6-day-old nestlings. A lower UV reflectance in the flanges of older nestlings may 
imply that the signalling potential of flanges decreases as nestlings age. A decrease in UV 
reflectance of flanges with age has also been reported in barn swallows (Hirundo rustica) ( de 
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Ayala et al. 2007), which the authors suspected was due to an increase in the number of 
collagen layers in the flanges with age. The UV reflectance of flanges has been suggested to 
no longer be useful for older nestlings, as nestlings begin to be more vocal and mobile in 
their begging displays as they age (Leonard & Hom 2006). Despite the fact that the flanges 
of younger nestlings have a greater reflectance in the UV, parent tree swallows may feed all 
nestlings more or less equally because food requirements are still comparatively low and 
hence the costs of feeding nestlings are relatively low. As nestlings age, however, the costs 
of provisioning increase, and parents may then begin to discriminate among older nestlings 
based on subtle differences in UV reflectance, which may indicate progress in collagen 
growth and hence some measure of physical condition. In the case of my results, this would 
mean that parents preferentially fed nestlings that were behind in physical maturation 
compared to their siblings, having higher UV reflectance of flanges and so less collagen 
layers in their flanges. Although it is possible that parental choices in my trial may have been 
biased by size hierarchies of nestlings within broods, male tree swallows prefer to feed larger 
nestlings while females prefer to feed smaller nestlings, leading to nestlings being fed at 
similar rates overall, regardless of size (Leonard & Hom 1996), and so size is unlikely to 
have biased my results. Similarly, sex of nestlings has been shown to have no effect on 
parental provisioning in tree swallows (Whittingham et al. 2003), and so was unlikely to 
have biased my study's results. Parents have, however, been observed preferentially feeding 
nestlings which beg at a high rate (Leonard & Hom 2001), and which beg first and are 
situated near the nest opening (Whittingham et al. 2003). It is possible that younger, and 
therefore more UV-reflective, nestlings may beg more vigorously and be preferentially fed 
by parents, but additional research is required to explore this idea. 
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4.5.2 Size and growth in relation to colouration of flanges 
Nestlings with blackened flanges gained mass at a slower rate and yet still attained the same 
mass before fledging as did their siblings with naturally-coloured flanges. The fact that 
flange-blackened nestlings reached similar final masses as did naturally-coloured nestlings, 
despite growing at a slower rate, could be due to the mass recession period that swallows go 
through before fledging, which usually occurs sometime between 10 and 14 days of age 
(Ricklefs 1968; McCarty 2001). Nestlings with naturally-coloured flanges may have reached 
their peak mass earlier in the nestling period than did nestlings with blackened flanges, 
although all were of similar mass by day 16. Nestlings with blackened flanges likely gained 
mass at a slower rate because they did not receive as much food from parents as their 
naturally-coloured nest mates. This could be occurring for one of several reasons. The first 
possible explanation is that parents have trouble detecting the mouths of nestlings with black 
flanges in the nest, as their black flanges likely blend in with the nest material background 
(Pycraft 1907; Swynnerton 1916; Heeb et al. 2003), and so feed them less. A second 
possibility is that parents perceive these black-flanged nestlings as being in poor condition 
(Kilner 1997; Saino et al. 2000) and choose to allocate food to nestlings in better condition. 
A third alternative is that parents avoid feeding the blackened nestlings because they look 
unfamiliar or "odd". Since my results were apparent after a manipulation period of 12 days 
(day 4 to day 16), it seems unlikely that parents were still not accustomed to their odd-
looking offspring by the end of the experiment. 
Length of ninth primary flight feathers at 16 days of age, as well as rates of growth of 
feathers and head-bill, were not affected by blackening of flanges, but brood size had 
differentially negative effects on flange-blackened nestlings compared to control nestlings. 
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This suggests that nestlings with blackened flanges are more vulnerable to the effects of 
increased sibling competition, which likely increases within larger broods (Kilner & Davies 
1998). Control nestlings tended to attain larger head-bills by 16 days of age than their flange-
blackened counterparts. This reduced size of head-bill suggests that not only were flange-
blackened nestlings not receiving as much food from parents as their control siblings, but 
they also may not have received as much calcium, which can influence growth of structural 
characters like head-bill (Dawson & Bidwell 2005). Overall, my results indicate that having 
blackened flanges has negative effects on size of head-bill, growth of mass, and on how 
nestlings cope with sibling competition. Negative effects of flanges being unnaturally 
coloured have been found in other studies. When the flanges of nestling northern flickers 
( Colaptes auratus) and pied flycatchers (Ficedula hypoleuca) were painted black, they were 
fed less than their non-painted siblings (Wiebe & Slagsvold 2009; Wiebe & Slagsvold 2012). 
4.5.3 Conclusions 
Two main hypotheses have been put forward for the function of colourful gapes and flanges 
in nestlings, both in wavelengths visible to humans and those in the UV range. The 
detectability hypothesis proposes that conspicuous colouration makes nestlings more visible 
in a dark nest environment so that parents are more easily able to feed them (Pycraft 1907; 
Swynnerton 1916). The need-signalling hypothesis states that colouration signals need or 
condition to parents (Kilner 1997; Saino et al. 2000). Overall, my experimental 
manipulations suggest that parent tree swallows do not preferentially feed nestlings with 
redder gapes, but do feed nestlings with flanges that reflect in the UV more than nestlings 
with non-UV-reflective flanges, although only when nestlings are older. Parents also appear 
to feed nestlings with blackened flanges less, as evidenced by smaller head-bills at day 16, 
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reduced growth of mass, and increased vulnerability to sibling competition suggested by a 
negative relationship between brood size and growth of both primary feathers and head-bill, 
which was not found in control nestlings. The results of my manipulation of UV reflectance 
support the need-signalling hypothesis, whereas results from my flange-blackening 
experiment support the detectability hypothesis, but do not clearly refute the need-signalling 
hypothesis. Parents could be feeding nestlings with flanges that are black because parents 
cannot find them as quickly and easily in the dark nest to deliver food. However, I cannot 
rule out the possibility that they could be making these provisioning choices based on signals 
that overall flange colouration is relaying to them about the relative condition of their 
offspring. To my knowledge, only one study to date has been able to distinguish between the 
two hypotheses. Wiebe and Slagsvold (2009) manipulated the overall colour of the flanges of 
nestling northern flickers and pied flycatchers using black paint and then conducted feeding 
trials under conditions of high light or low light levels. They reported that black-painted 
nestlings of both species were fed less when in dark conditions, but not under light 
conditions, which quite clearly supports the detectability hypothesis (Wiebe & Slagsvold 
2009). Future studies could test the need-signalling hypothesis by comparing 
immunocompetence or other measures of health and condition of tree swallow nestlings in 
relation to naturally-occurring levels of gape redness or flange UV reflectance, as has been 
done in some other avian species (Saino et al. 2000; Saino et al. 2003; Jourdie et al. 2004; de 
Ayala et al. 2007; Soler et al. 2007; Loiseau et al. 2008; Aviles & Parejo 2013; Dugas & 
Doumas 2014). 
My sample sizes were fairly small for all manipulations (UV reflectance: 51 nestlings 
in 9 broods; gape redness : 47 nestlings in 9 broods; flange blackness: 40 nestlings in 7 
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broods), which likely led to a low statistical power. The fact that I was able to demonstrate 
significant effects of two of my experimental treatments despite small sample sizes suggests 
that the effects I found were real. If these experiments were repeated with larger sample 
sizes, statistically significant treatment effects could perhaps also be found for the gape 
redness experiment. 
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5. GENERAL DISCUSSION AND CONCLUSIONS 
Life-history theory predicts that because organisms have limited resources available to them, 
they must make decisions, or trade-offs, to prudently allocate resources in a way that 
maximizes their fitness (Drent & Daan 1980; Stearns 1976). Since the brood-rearing period 
is the most energetically expensive period in a bird's life and is often the bottleneck for 
fitness, birds rearing young are expected to be prudent in their allocation of resources 
between brood-maintenance and self-maintenance (Drent and Daan 1980).The objective of 
my thesis was to study egg and yolk mass, degree of parasitism, and gape and flange 
colouration, and to gain understanding of how these characteristics affect and are affected by 
parental life-history trade-offs. 
I found that female tree swallows in my study differentially allocated resources in 
relation to the order in which their eggs were laid, potentially allocating more proteins, 
minerals, lipids, carotenoids, and immunoglobulins to later-laid eggs. This differential 
allocation seems to have some effect on the inherent "quality" of nestlings. Nestlings that 
hatched later in the hatching sequence had a stronger immune response than their older nest 
mates and were able to attain a greater mass when they lost their initial size disadvantage. 
Nestlings that hatched earlier in the hatching sequence, however, were able to grow longer 
ninth primary feathers even when they lost their size advantage. Hence, female tree swallows 
appear to follow a "brood survival" strategy, attempting to make up for the size deficit that 
late-hatching nestlings suffer from. Although the effects of asynchronous hatching largely 
determine size hierarchies within broods, without the extra investment in last-laid eggs, last-
hatched offspring would likely be at an even greater disadvantage. Based on my 
manipulations of nest parasite presence, nestling tree swallows showed no significant 
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detrimental effects of being parasitized by ectoparasitic blow fly larvae (Protocalliphora and 
Trypocalliphora spp. ). Instead, any deleterious effects of parasitism appear to have been 
compensated for by parents, as the parents of parasitized nestlings appeared to increase their 
reproductive expenditure by feeding their young at marginally higher rates than the parents 
of parasite-free nestlings. Finally, my experimental manipulations of gape and flange 
colouration suggest that the food allocation decisions of parent tree swallows are not affected 
by gape redness, but are influenced by the UV reflectance and overall colour of nestlings' 
flanges. Whereas the UV reflectance of the flanges of older nestlings may indicate condition 
to parents, it is remains unclear whether or not overall flange colour affects parental 
allocation decisions by aiding in detection or by giving information about apparent condition 
of nestlings. 
Further knowledge of the life histories of tree swallows is important to conservation 
efforts. Tree swallows are considered to be "upper trophic biological sentinels" because more 
than 80% of their diet is made up of aquatic insects whose larvae generally develop in water, 
bringing them into contact with any contaminants present in water and sediments (Gentes et 
al. 2007). In other words, the health or behaviour of tree swallows in a certain area can be an 
indicator of the condition of bodies of water in the same area (see McCarty 1997). To 
successfully use tree swallows to monitor environmental conditions in aquatic systems, 
however, it is necessary to have as complete a grasp as possible of their life histories, so as to 
be able to recognize abnormalities. 
A number of recent studies have reported that populations of avian aerial insectivores 
are declining across North America (Nebel et al. 2010; Michel et al. 2015). Some studies 
have hypothesized that these declines are related to declines in insect populations (Nebel et 
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al. 2010; Nocera et al. 2012), but actual causes are still unclear. It is also unclear if this 
means that the actual number of tree swallows in North America is declining overall, or if 
there are declines in other less-easily studied species of aerial insectivores, such as bats 
(Shutler et al. 2012). Population sizes of tree swallows in my study areas have increased in 
the past decade, but populations in eastern North America have declined over the past several 
decades (Shutler et al. 2012; Paquette et al. 2014). It is therefore important to gather as much 
information as possible to determine what environmental factors may affect the fitness of 
tree swallows, what those effects may be, and if/how those factors may be affecting other 
species of aerial insectivores. 
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APPENDIX 1: AMBIENT TEMPERATURES DURING THE 
BREEDING SEASON OF TREE SW ALLOWS IN NORTH-CENTRAL 
BRITISH COLUMBIA 
I obtained daily ambient temperatures throughout the breeding seasons of 2012 and 2014 
from the Environment Canada weather station (http: //climate.weather.gc.ca) located on 
Cowart Road, Prince George, BC. As daily weather data were not available from this station 
for the breeding season of 2013, I obtained daily ambient temperatures for the 2013 season 
from an Environment Canada weather station located at the Prince George International 
Airport. The weather station on Cowart Road was approximately 12 km from the field site I 
used for my egg and yolk mass observations in 2012 and parasite manipulations in 2012 and 
2014. The weather station at the airport was approximately 25 km from the field site I used 
for my parasite manipulations in 2013 and approximately 35 km from the field site I used for 
my gape and flange colouration manipulations in 2013. Maximum, minimum, and mean 
daily temperatures from May through July in the years 2012, 2013, and 2014 are presented in 
Table Al.I. 
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Table Al .1: Minimum, mean, and maximum daily temperatures (°C) throughout the 
breeding seasons (May-July) of 2012, 2013, and 2014. Temperatures were unavailable for 
some dates. 
Minimum Temperature Mean Temperature Maximum Temperature 
Date (OC) (OC) (OC) 
2012 2013 2014 2012 2013 2014 2012 2013 2014 
May 1 2.0 -2.6 6.5 7.3 4.7 14.3 12.5 11.9 22.0 
May2 -0.5 4.4 7.0 6.5 7.6 9.3 13.5 10.8 11.5 
May3 2.0 0.6 2.0 7.0 8.8 5.5 12.0 16.9 9.0 
May4 3.0 3.0 1.0 7.5 13.3 6.8 12.0 23.5 12.5 
May5 -0.5 0.3 -4.0 6.0 12.4 6.3 12.5 24.5 16.5 
May6 -0.5 1.1 1.0 8.3 13.9 7.3 17.0 26.7 13 .5 
May7 7.0 1.6 -0.5 13 .3 11.4 9.5 19.5 21.1 19.5 
May8 7.5 2.0 10.3 11.5 13.0 21.0 
May9 0.0 4.8 9.5 
May 10 1.0 6.1 6.8 15.3 12.5 24.4 
May 11 1.5 0.9 -1.0 8.8 12.3 10.0 16.0 23 .7 21.0 
May 12 2.0 10.8 1.5 12.3 15.9 11.5 22.5 21.0 21.5 
May 13 1.5 6.4 6.5 11.8 11.8 12.8 22.0 17.2 19.0 
May 14 1.5 3.3 9.0 11.8 8.9 15.0 22.0 14.4 21.0 
May 15 8.0 4.1 8.0 13.0 9.1 14.3 18.0 14.0 20.5 
May 16 5.0 3.2 3.0 8.8 10.3 13.0 12.5 17.4 23.0 
May 17 1.5 -0.7 4.0 6.3 10.2 13 .5 11.0 21.0 23 .0 
May 18 1.0 4.0 5.8 10.1 10.5 16.2 
May 19 0.0 2.8 8.5 9.8 17.0 16.7 
May20 7.0 1.5 13.5 5.3 20.0 9.1 
May21 9.5 5.7 7.0 13.3 10.9 10.5 17.0 16.1 14.0 
May22 7.5 3.1 8.0 11.5 11.3 14.3 15.5 19.5 20.5 
May23 3.0 3.1 7.5 10.8 10.6 12.5 18.5 18.1 17.5 
May24 6.0 6.3 3.0 12.0 9.3 10.8 18.0 12.2 18.5 
May25 4.5 5.1 7.0 12.8 12.6 13.3 21.0 20.0 19.5 
May26 2.0 2.8 8.0 13.0 9.6 10.0 24.0 16.3 12.0 
May27 5.0 4.3 7.0 14.0 10.5 12.5 23.0 16.7 18.0 
May28 7.0 6.1 4.0 14.5 11.9 12.8 22.0 17.6 21.5 
May29 6.0 7.5 5.0 11.5 12.7 13 .0 17.0 17.9 21.0 
May30 7.5 4.4 8.0 12.5 9.7 14.5 17.5 14.9 21.0 
May31 8.5 3.8 5.0 15.0 10.1 13.5 21.5 16.4 22.0 
June 1 5.0 4.9 6.0 12.5 10.3 14.0 20.0 15.6 22.0 
June 2 4.0 5.9 5.5 10.8 12.8 15.5 17.5 19.6 25.5 
June 3 4.5 2.1 10.0 10.5 11.5 16.0 16.5 20.8 22.0 
June4 5.0 6.2 7.0 11.5 14.4 11.3 18.0 22.5 15.5 
June 5 9.5 7.9 4.0 12.8 13 .5 9.8 16.0 19.0 15.5 
June 6 7.0 0.0 1.0 8.8 9.4 11.8 10.5 18.7 22.5 
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June 7 6.0 10.2 11.8 14.6 17.5 18.9 
June 8 8.5 7.2 12.8 11.0 17.0 14.8 
June 9 6.5 5.5 7.0 14.0 9.7 12.3 21.5 13.8 17.5 
June 10 9.0 1.0 4.0 16.5 9.5 12.3 24.0 17.9 20.5 
June 11 10.0 6.0 4.0 15.5 13.2 13.5 21.0 20.3 23 .0 
June 12 12.0 8.4 10.0 14.3 11.1 17.0 16.5 13 .7 24.0 
June 13 9.5 7.2 9.5 14.3 12.8 16.8 19.0 18.4 24.0 
June 14 8.0 7.4 10.0 11.5 12.0 14.0 15.0 16.6 18.0 
June 15 8.0 3.3 8.0 13.8 12.4 13.3 19.5 21.5 18.5 
June 16 10.5 7.7 8.0 15.0 15.2 14.3 19.5 22.6 20.5 
June 17 10.5 8.5 7.0 14.5 15.3 16.3 18.5 22.1 25.5 
June 18 10.0 8.0 11.5 13.3 14.6 17.3 16.5 21.2 23.0 
June 19 10.0 11.3 10.5 15.8 15.1 15.0 21.5 18.9 19.5 
June 20 9.5 6.3 12.0 16.0 16.2 15.8 22.5 26.0 19.5 
June 21 10.0 11.4 3.5 17.0 19.1 13.0 24.0 26.8 22.5 
June 22 10.0 10.2 6.0 19.3 18.6 16.3 28.5 26.9 26.5 
June 23 16.0 12.7 11.5 20.8 19.3 19.5 25 .5 25.9 27.5 
June 24 12.0 5.7 13 .0 17.5 16.3 15.8 23.0 26.8 18.5 
June 25 10.0 12.2 5.0 15.5 17.0 13.5 21.0 21.8 22.0 
June 26 5.0 9.6 6.0 10.3 16.3 16.3 15.5 23.0 26.5 
June 27 10.5 7.0 10.0 14.3 15.4 16.5 18.0 23 .7 23.0 
June 28 9.0 10.6 10.0 14.5 18.1 16.3 20.0 25.6 22.5 
June 29 11.5 9.2 9.0 16.0 18.4 16.3 20.5 27.5 23.5 
June 30 12.5 12.3 8.5 14.8 21.3 16.5 17.0 30.2 24.5 
July 1 8.5 9.1 7.0 13.8 21.4 18.5 19.0 33 .6 30.0 
July 2 9.5 15.0 13.5 22.0 17.5 29.0 
July 3 9.5 6.2 12.5 13.8 15.0 16.5 18.0 23.8 20.5 
July4 11.0 8.2 9.0 14.5 14.7 15.5 18.0 21.2 22.0 
July 5 7.0 9.6 12.0 14.0 15.0 17.3 21.0 20.3 22.5 
July 6 6.5 4.4 12.0 16.3 13.6 18.3 26.0 22.7 24.5 
July 7 8.5 3.7 10.0 17.3 14.9 19.5 26.0 26.0 29.0 
July 8 9.0 6.4 11.0 19.0 17.2 20.5 29.0 28.0 30.0 
July 9 10.5 10.8 12.0 20.0 15.6 18.0 29.5 20.3 24.0 
July 10 11.0 6.8 9.5 19.0 13 .1 17.3 27.0 19.3 25.0 
July 11 10.5 6.8 18.5 11.5 26.5 16.1 
July 12 9.5 7.4 18.5 11.8 27.5 16.1 
July 13 9.0 8.0 10.0 19.5 12.5 22.3 30.0 17.0 34.5 
July 14 11.5 6.1 11.5 20.5 11.4 23.0 29.5 16.7 34.5 
July 15 14.0 3.7 13.0 20.3 13.4 23.5 26.5 23.0 34.0 
July 16 13.0 3.5 13.0 21.0 15.2 22.3 29.0 26.9 31.5 
July 17 14.0 6.3 14.0 21.8 17.5 21.5 29.5 28.6 29.0 
July 18 14.5 15.1 11.5 20.5 21.8 14.3 26.5 28.5 17.0 
July 19 12.0 9.2 12.0 18.8 18.3 16.8 25.5 27.4 21.5 
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July 20 11.5 10.8 11.5 21.0 19.2 16.5 30.5 27.5 21.5 
July 21 15.0 7.8 10.5 19.8 17.0 16.8 24.5 26.1 23 .0 
July 22 10.5 8.6 10.0 17.5 16.8 18.8 24.5 24.9 27.5 
July 23 11.5 8.2 10.5 17.3 16.7 17.8 23 .0 25.2 25.0 
July 24 12.0 7.4 19.5 18.2 27.0 29.0 
July 25 13.0 8.0 10.0 20.8 18.6 16.5 28.5 29.1 23 .0 
July 26 12.5 7.2 9.0 20.3 14.8 16.5 28 .0 22.3 24.0 
July 27 15.5 6.8 10.0 21.5 11.8 17.8 27.5 16.7 25.5 
July 28 12.0 5.5 9.5 17.5 13.4 19.8 23 .0 21.2 30.0 
July 29 13.0 2.3 11.0 18.8 12.2 20.8 24.5 22.1 30.5 
July 30 12.5 9.0 11.5 17.3 17.0 19.8 22.0 24.9 28 .0 
July 31 10.0 5.6 11.0 16.5 17.0 19.8 23 .0 28.4 28 .5 
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APPENDIX 2: ULTRA VIOLET REFLECTANCE OF FLANGES OF 
NESTLING TREE SW ALLOWS 
In 2014, I measured the UV reflectance of the flanges of individual nestlings to quantify the 
degree of variation in UV reflectance among individuals. Previous research had shown that 
there was variation in brightness and saturation of yellow colouration and redness (R. 
Dawson, pers. comm.), but the degree of within-brood variability was unknown. I measured 
reflectance of flanges when nestlings were 6 and 12 days old using a portable Ocean Optics 
Jaz spectrometer with a PX-2 xenon lamp. Each nestling was measured three times at each 
age and data were averaged for each individual at each age. Natural UV reflectance of 
nestling flanges was measured for 31 6-day-old nestlings and for the 16 nestlings from this 
group that were still alive at 12 days of age. However, the measurements of only 21 6-day-
old nestlings and 9 12-day-old nestlings produced usable spectra (Fig. A2.1). All nestlings 
possessed a peak in reflectance in the ultraviolet range (between 300 and 400 nm), but the 
flanges of 12-day-old nestlings tended to reflect less in the UV range than did the flanges of 
6-day-old nestlings (Fig. A2.2). 
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Figure A2. l: Spectral reflectance curves of the flanges of nestling tree swallows showing 
variation among individual nestlings at A) 6 days of age (N = 21) and B) 12 days of age (N = 
9). Each curve represents the mean of three measurements for an individual nestling. 
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Figure A2.2: Age difference in spectral reflectance curves of the flanges of nestling tree 
swallows, specifically in the ultra-violet range (300 - 400 nm). The black curve represents 
the mean spectral curve of the flanges of 6-day-old nestlings and the red curve represents that 
of 12-day-old nestlings. 
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